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1. INTRODUCTION

Since the days of the early airships when the cal-

culation of aerodynamic forces on the airships hulls was

required, the methods for predicting slender body aero-

dynamics have been extended in direct proportion to the

increased performance of the various slender body air vehicle

configurations. Increased maneuverability an~d increased air

speeds required the development of prediction techniques

which were valid at higher angles of attack and supersonic

Mach numbers. Continuing the trend to increased maneu-

verability, applications for the flight of slender body

configurations at angles to 180 degrees are being seen in the

new generation flight vehicles currently being considered.

The aerodynamic coefficient prediction techniques which were

valid at angles of attack of approximately 20 or 30 degrees

are no longer sufficient for preliminary design studies. The

new concepts in slender body flight vehicles require new pre-

diction techniques valid to 180 degrees angle of attack.

An~ aerodynamic coefficient prediction technique

which meets the above need is herein developed. The pre-

diction technique relies on semi-empirical procedures for the

calculation of normal force coefficients and pitching moment

coefficients for slender body configurations with low aspect

ratio fins. Additionally, the normal force coefficient for the



fin in the presence of the body is determined along with the

longi tudinal and lateral center of pressure of the force.

Because the need to operate slender body flight

vehicles at high angles of attack had not been established

until recently, there was a complete dearth of experimental,

parametric data for slender body configurations with low

aspect ratio fins at high angles of attack. The small

amount of data on configurations at high angles of attack that

was available was highly configuration oriented and in some

cases classified. The experimental, parametric data ob-

tained as a part of this investigation is the first data of

its kind and represents a broad base from which to develop

emp.~rical aerodynamic coefficient prediction methodology. The

lack of parametric data for slender body configurations at high

angles of attack before this time has hampered the development

of empirical techniques for the prediction of aerodynamic

coefficients. The future development of purely theoretical

prediction techniques also requires a standard of comparison

to evaluate the validity of their prediction capabilities. A

data base which meets the requirements for developing empir-

ical aerodynamic coefficient prediction techniques as well as

providing a standard of comparison for theoretical techniques

has been established by Baker (1)

1Numnbers in parentheses refer to similarly numbered
references in the bibliography.~
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in order to provide a jet of data which could readily be used

to develop empirical methods for the c&lculation of the aero-

dynamic coefficionts, it was necessary to determine the effects

of each major component of a g~eneralized, finned, slender body

on the forces and moments for the complaet configuration. in

order to determine these effects, a wind tunnel test was con-

ducted on a series of parametric models. Provisions were made

to test tail fins alone, using a reflection plane technique,

so that the tail fin contribution to the total force and

moment coefficient could be isolated. Also a generalized

slender body was tested using a technique which allows the

measurement of forces and moments on a single fin simultaneously

with the total combined forces and moments acting on the com-

plete configuration. The generalized configuration was

tested both with and without tail fins. The change in the

force and moment coefficients due to the addition of the fins,

combined with the measured force and moment coefficients on

the metric fin in the presence of the body and the f in alone,

allows the determination of the mutual interference of the

fins and body.

A basic ogive cylinder body was designed along with

a series of twelve tail fins which provided a parametric

variation of the taper ratio, span ratio, and the aspect

ratio of the fins. In order to provide data for a wide range

of values of body length for the data set, tests were conducted,

13
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using slender bodies with a total length of 10-, 12-, 12.66-, r

and 15-calibers (i.e., 10-, 12-, 12.66-, and 15-body diem-

eters). Most of the data were obtained using the 10-caliber

body and all 12 of the tail fins were tested with the 10-

caliber body. The 12- and 12.66-caliber bodies were teated

without tail fins and the 15-caliber body was tested alone

and with the three tail fins having an aspect ratio of 0.5

and with the fin having an aspect ratio of 2.0, span ratio of

0.4, and taper ratio of 0.5.

1

,I

14.



II. EARLY HIGH ANGLE OF ATTACK PREDICTION METHODOLOGY

I. The early requirements for the calculation of aero-

dynamic forces and moments on slender body configurations were

related to studies of rigid airships. A potential flow slender

body theory was developed by Munk (2) which was quite adequate

for angles of attack up to approximately five degrees. The

potential flow equations for pitching moment and cross force

per unit length, for airship hulls, are given in Equations 19

and 23 of Reference (2).

2m = (K2 -K 1 ) sin 2a (2.1)

2

df U sin 2a dx (2.2)

Where

p(K 2 - K1 ) is the apparent mass of the airship.

Tsien (3) showed that Munk's formulation was valid

for slender bodies at moderate supersonic speeds.

I At angles of attack above approximately five degrees,

Munk's slender body theory begins to underpredict the normal

force coefficient of a slender oody. Modifications to Munk's

theory have been made to account for the viscous crossflow con-

tributions to the forces and moments. This modification of

Munk's theory, which has come to be known as the crossflow

15
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theory, was developed in 1951 through the work of Allen and

Perkins (4) who assumed that the viscous contribution to the

aerodynamic forces and moments on slender bodies et angie of

attack could be separated from the potential flow contribu-

tion. Thus, the force and moment equations were written as the

sum of the potential term formulated by Munk (2) in 1924 and the

viscous crossflow term formulated by Allen and Perkins (4).

From the work of Ward (5), which showed that the potential

cross force is directed midway between the normal to the axis

of the body and the normal to the wind direction, Allen modi-

fied the potential cross force term. Then by adding his

viscous cross force term, Allen developed the following

equations from Reference (4) for lift and pitching moment

coefficients.

Sb o.2CL sin 2a cos + Cd !ksin acos a (2.3)L S c

[V Sb(L-Xm) o
Cm= -d sin 2a COST
m

+ Cdc - X - 5r--sin a (2.4)

Jorgensen (61. formulated the equations in terms of i
normal force, CN, and pitching moment, Cm, for slender bodies

at high angles of attack and included the term n to modify

the two dimensional crossflow drag, Cdc, for the effects of a

16



finite length body. The term n which modifies the two

dimensional drag coefficient to approximate the drag coeffi-

cient for a finite length cylinder is determined from the data

obtained by Goldstein (7). Jorgensen's equation for normal

force coefficient for the angle of attack range 0 - a < 180

degrees is given by

CI S

scL((

The pitchinq moment equation for the angle of

attack range 0 ! a - 90 degrees is given by

Cm - sin cos((I)
bV Xm) (2

,. n~d (SS-P) (.X~X)sin2 (a ) (2.6)

and the pitching moment equation for the angle of attack

r~nge 90 <a a_ 180 degrees is given by

Cm s - [V Sdbam] Sin (2a") cos ()

nc d sin2 (a) (2.7)

17



where

0 < a < 90 degrees

S-1iso- 90 < a < 180 degrees

The location of the aerodynamic center given by

xcp - C (2.8)CNcN

over the years the potential term of the equations

has remained essentially unchanged and the greatest effort

toward improving the cross flow theory has been associated

with th"c crossflow drag portion of the viscous term. The

most i:, :. crossflow drag work is that of Fidler and

Batemcn (8). The dramatic effect of the viscous contri-

bution to the total forces and moments on a slender body is

illustrated in Figure 1 taken from Reference (6). The

variation with angle of attack of the first terms of

Jorgensen's normal force equation (Equation 2.5) and pitching

moment equations (Equations 2.6 and 2.7) which represents

Allen's modifications to Munk's slender body potential theory,

are compared with the complete normal force and pitching

moment equations. The shaded portion of the figure represents

the viscous contribution to the crossflow theory. Because the

potential term of the equation contains sin (2a) the term goes

to zero at 90 degrees angle of attack, indicating that at 90

degrees the coefficients are totally determined by the viscous

18



j term. In the case of the normal force, when the slender body

is at 90 degrees angle of attack, the normal force is coinci-

dent with the drag, thus the normal force is due to the skin

friction and separated flow over the lee side of the body,

both viscous phenomena.PI
Jorgensen's formulation of the crosaflow theory

equations for slender bodies at high angles of attack will be

used as the basis for the body alone portion of the theory

developed herein.

Numerous ualculation schemes have been developed

for slender body configurations, both with and without fin or

wings. Besides Jorgensen (6), others developing calculation

procedures for slender bodies alone at high angles of

attack are Fidler and Batemen (8), Kellock and Miller (9),

Thompson (10), and Gregoriou (11). Calculation procedures

developed for slender bodies with fins and/or wings

have beenwrittenby Nikolitsch (12), Moore (13), Darling

(14), Laton (15), and Fidler and Batemen (16, 17), all of

which are basically low to mnderate anqle of attack programs.

High angle of attack programs for bodies with fins and/or wings

ware written by Saffell, et al, (18), Tipping, et al. (19)

and Aiello (20). Mendenhall, et al. (21) provides a user's

manual for four different computer programs for predicting

aerodynamic coefficients. One program is the computer version

of Jorgensen's method and the other three programs are Iaw

angle of attack body plus wing and fin programs. The details of

three of the above high angle of attack aerodynamic coefficient

19



prediction programs will now be discussed. All three of the

programs are based on various formulations of Allen's cross-

flow theory.

LWS2 Hi~qh .kn-ie of Attack Aerodynamic Coefficient Prediction
Mfriram

The LSU high angle of attack aerodynamic coefficient

prediction program (Table 1A), was written by Captain Robert

Z. Kellock (9). The program calculates aerodynamic coeffici-

ents for a body alone configuration. The primary calculation

scheme was formulated by Kelly (22). The normal force is

assumed to vary along the body and the total normal force and

pitching moment are determined by integrating the normal force

distribution along the body. The body is divided into elements

and the croseflow drag is assumed to vary from one element to

another. The crossflow drag of each increment is calculated

as the drag of an impulsively started cylinder. The time

parameter associated with the impulsively started cylinder is

related to the axial velocity and the axial position of the

incremental element. The drag data of Schwabe (23) for an

impulsively started cylinder were used to modify the steady-

state crossflow drag coefficient, taken from Hoerner (24), as

a function of crossflow Mach number and crossflow Reynolds

number. The crossflow drag at each element is used with the

2nLSU is an abbreviation for Louisiana State

University.

20
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crosoflow theory to calculate a distribution of normal force

along the body. The three-dimensional effects of the finite

length cylinder are accounted for by the values of n given by

Goldstein (7). The predictions of normal force and pitching

moment made with the LSU program were compared with the data

from the high angle of attack data set in Reference (1).

3NSRDC High Angle of Attack Aerodynamic Coefficient
YFrealction Program

The NSRDC high angle of attack aerodynamic coefficient

prediction program (Table 1B) was written by Saffell, Howard,

and Brooks (le). It consists of a main program and three

subroutines. The main program calculates the body alone lift,

drag and pitching moment coefficients using the crosaflow drag

theory. Three-dimensional effects are accounted for by the

values of n given by Goldstein. The values of Cdc are deter-

mined from Allen and Perkins (25). The lift coefficients for

the wings and tails and the wing-body and tail-body inter-

ference factors are calculated using linear relations for the

lifting surfaces modified by a function of sin a and con-

strained tc be zero at a - 90 degrees. The lift of the tail

surfaces iii further modified to account for the vortices shed

from the wing surfaces. The pitching moment calculations are

based-on the formulation of the equation by Allen. The drag

3NSRDC is an abbreviation for Naval Ship Research
and Development Center.
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calculations are based on the methods from the USAF

SDAhTCOK (26). Calculations were made using the NSRDC Program

and compared with the data from the high alpha data set in

* Reference (1). The program computes the static aerodynamic

coefficients for bodies with wings, tails, and strakes,

including control surface deflections, for an angle-of-attack

range from -180 to 180 degrees.

Computer Aided Missile Synthesis Program (CAMS)

The CAMS program written by Tipping, et al. (19) is

used to design a complete missile system. The program uses an

iteration scheme to vary the many design parameters associated

with a missile design. The aerodynamics module of the CANS

program (Table 1C) can be used by itself as a coefficient pre-

diction program. It is the most complex of the coefficient

prediction programs discussed here because of the number of

different configurations that can be analyzed. The program is

similar to the other programs in that it requires geometric

characteristics of the model and flight conditions as program

inputs to calculate the aerodynamic coefficients. The cal-

culation scheme is similar to the other prediction programs

in that the potential and viscous crossflow terms are com-

bined linearly for the body alone normal force and pitching

moment coefficients. Empirical data are used extensively

throughout the program for determining the effects of fins,

23



strakes, etc. For each Mach number range, transonic, super-
sonic, and hypersonic, different relations are used for the

linear and nonlinear lift contributions of the various comr-

ponents of the configuration. For the body alone, the cross-

flow theory is used with modification for boattail effects.

Calculations were made for the high angle of attack data

base models and compored with the experimentally determined

coefficients in Reference (1).

A
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4 1

III. EXPERIMENTAL TECHNIQUES

Wind Tunnel Zxescription

The tests which established the data base were

conducted in the Aerodynamic Wind Tunnel (4T) of the

Propulsion Wind Tunnel Facility (PWT) and the Supersonic

Wind Tunnel (A) of the Von Karman Gas Dynamics Facility

S(VKFI at the Arnold Engineering Development Center (AEDC).

The Aerodynamic Wind Tunnel (4T) is a continuous

flow, closed-circuit, variable density wind tunnel capable

of operating at stagnation pressures of 300 to 3700 psfa

and at Mach numbers from 0.1 to 2.0. The Mach number is

continuously variable from M = 0.1 to 1.3 and nozzle

inserts can be installed to reach M = 1.6 and 2.0. The

nozzle consists of a contraction section which serves as

a transition from a circular stilling chamber to a

rectangular nozzle. The solid block, sonic nozzle is

composed of flat sidewalls and contoured top and bottom

walls. The desired Mach number is generated by controlling

the pressure ratio across the nozzle and by regulating the

plenum suction. The test section is 4 ft square and 12.5 ft

long. It is equipped with four variable porosity walls/I
adjustable from 0 to 10%. The two test section sidewalls

are fixed and the top and bottom walls are adjustable ±1/2

degree from parallel. The test section is enclosed by a 14 x 14

ft square plenum chamber which can be evacuated allowing part
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IP
of the tunnel main flow to be removed through the test

section walls to both generate supersonic flow and reduce

wall interference.

The Supersonic Wind Tunnel (A) is a continuous,

closed-circuit, variable-density wind tunnel with an

automatically driven flexible-plate-type nozzle and a

40 x 40 in. test section. The tunnel can be operated at

Mach numbers from 1.5 to 6.0 at maximum stagnation pres-

sures from 4,200 to 28,000 psfa, respectively, and

stagnation temperatures up to 750°R (M = 6). Minimum

operation pressures range from about one-tenth to one-

twentieth of the maximum at each Mach number. Although

Tunnel A is prinarily a supersonic tunnel it can be

operated subsonically from Mach numbers 0.2 to 0.8 by

opening the throat (M = 1.2 setting) and closing the

diffuser until the tunnel chokes at that point. The

tunnel is equipped with a model injection system which

allows removal of the model from the test section for

model changes while the tunnel remains in operation.
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Wind Tunnel Models

Two different type models were tested in Tunnels 4T and A.

The first type of model was a strut supported slender body

tested both with and without tail fins. Body alone, body

plus fin and fin the presence of the body data were obtained

with this model. This model was designed so that it had less

than 1% blockage in the tunnel at 90 degrees angle of attack.

The second model type was a reflection plane mounted fin I
which was tested to obtain fin alone data. The fins had less

than 0.6% blockage at 90 degrees angle of attack and the total

blockage including the reflection plane was less than 1.5%.

Slender bodies having total lengths of 10-, 12-,

12.66-, and 15-calibers were tested. Each body consists of a

2.5-caliber sharp tangent ogive nose, designated N2, and a

cylindrical afterbody. The basic dimensions or the ogive

nose and cylindrical afterbodies are given in Figure 2. The

7.5-, 9.5-, 10.16-, and 12.5-caliber afterbodies Are desig-

nated as Al, A2, A4, and A3, respectively.

Two different size tail fins were used in the test.

The tail fins tested with the reflection plane were geomet-

rically similar to but three times larger than the fins

tested with the slender body. The dimensions of the fins

used with the reflection plane are given in Table 2. The
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dimensions of the fins tested in conjunction with the slender

body are shown in Figure 3. Because of the smaller size, the

fins tested with the slender body are not as detailed as

those tested on the reflection plane. The tail fin configura-

tions are identified by the designation Txx, where the two -

digit number (xx) is given in Table 2 and Figure 3 along with

the fin dimensions. Thus, the total configuration designation

for a typical configuration is N2A1T32. The nomenclature de-

scribed above was adopted to be consistent with .that for a

similar set of models tested extensively at relatively lower

angles of attack by Fidler and Bateman (8)"

For each fin type, rectangular, trapezoidal, or

triangular, the hingeline, HL, was located at a different

position. For the rectangular fins, represented by X = 1.0,

the hingeline was normal to the root chord and located at : 1

45% of the root chord measured from the leading edge. For I

the trapezoidal fins and the triangular fins, X = 0.5 and I

A = 0.0, respectively, the hingelines were normal to root I
chord and were located at 55 and 62% of the root chord,

respectively.

Reflection Plane Model Installation

The installation of the reflection plane on the

main sting support system in the test section of Tunnel 4T

and Tunnel A is shown in Figure 4. The details of the I
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reflection plane assembly are shown in Figure 5. To permit

testing through the desired angle-of-attack range, the

reflection plane assembly includes a drive mechanism which

allows the initial fin angle relative to the reflection plane

to be indexed remotely. The assembly also contains provisions

for indicating the discrete initial fin angles of 0, 15, 30,

60, 90, 120, 150, and 180 degrees. After remotely setting

the initial fin angle, the angle-of-attack sweep is made,

using the main model support system.

Generalized Slender Body Installation

Two strut mounting techniques were used to support

the generalized slender body models and achieve the angle-of-

attack range from 0 to 180 degrees. A typical installation

cf each mounting technique is shown in Figure 6 for the

L/d = 10 configuration in Tunnels A and 4T and Figure 7 for

the L/d = 15 configuration in Tunnel 4T. The details of

the model installations are shown in Figures 8, 9, 10, and 11

for L/d = 10, 12, 12.66, and 15 models, respectively. The

model support system includes a clutch face joint which

allows the initial or prebend angle of the model to be varied

in five-degree increments from 2.5 to 177.5 degrees.

Instrumentation

Aerodynamic loads on the fins during the reflection

plane portion of the tests were measured, using a three-

component internal strain-gage balance. The positive direc-

tion of the forces and moments are shown in Figure 12.
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Strain gages were attached to the sting for the transonic

tests so that the angle of attack of the fins could be cor-

rected for both balance deflections and deflection of the=

sting caused by loads on the non-metric portion of the re-

flection plane and sting.

Aerodynamic loads on the slender body plus fin

models were measured with a six-component internal strain-

gage balance. In addition, a three-component internal strain-

gage balance, mounted at the rear of the model, measured the

F aerodynamic loads on one fin. The positive directions of the i
forces and moments are shown in Figure 13 for the slender

body model.

Test Procedure

The reflection plane tests were conducted in twoI phases: the first at transonic speeds in Tunnel 4T and tChe

second at supersonic speeds in Tunnel A. In both tunnels the

initial angle of the fin was indexed remotely in 30-deg in-

crements, and at each setting an angle-of-attack sweep was4

made using the automatic pitch support system of the tunnel.

The pitch-pause technique, in which the automatic pitch

mechanism stops at each discrete angle of attack to record A

data, was used in Tunnel 4T. The continuous sweep technique,

in which the automatic pitch mechanism moves continuously

while the data are recorded, was used in Tunnel A. Several

pitch-pause sweeps were made to check the continuous sweep
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data. In Tunnel 4T the data were recorded while the angle

of attack was increasing, whereas in Tunnel A the data were

recorded while the angle of attack was decreasing. The bound-

ary layer on the fins was allowed to transition naturally.

The generalized missile models were tested in a

manner very similar to the reflection plane-mounted fin

models. The transonic tests were conducted in Tunnel 4T, and

the supersonic tests were conducted in Tunnel A. The pitch-

pause technique, with the model pitching in the positive di-

rection, was used in Tunnel 4T. The continuous sweep tech-

use inTunnel A. The prebend angle (ca) was manually set.

by ajusingthe clutch face joint to the desired angle.

Durng hetests in Tunnel 4T, the prebend angles were ad-

justed in 30-deg increments. The angle of attack was varied

during the test using the main support pitch system. The

35-deg movement of the Tunnel 4T pitch sector allowed a 5-deg

overlap in the data at each prebend setting. During the

tests in Tunnel A, the prebend angles were adjusted in 25-deg

increments. The angle of attack was varied during the test

using the main support system. The 20-deg movement of the

Tunnel A pitch~ sector left a 5-deg gap in the data at each

prebend setting.

Data were taken with artificially induced transi-

tion on the body. The boundary-layer trips consisted of two
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longitudinal rays of No. 180 grit applied in 0.1 inch wide
strips iocated 30 deg either side of the windward ray (Fig-

ure 14). The grit was applied in longitudinal rays because

at high angles of attack the conventional application of

grit, a small ring of grit around the nose near the tip,

would be ineffective. The size of the grit to be used was

determined by the method of Braslow and Knox (27). During

the test, other grit patterns and sizes were investigated

with no appreciable difference in the data from that obtained

with the two longitudinal rays of grit. The presence of the

grit caused a noticeable difference in the data at Mach numn-

bers 0.6 and 0.8 but no noticeable difference at higher Mach

numbers.

The grit which was applied to the model to artifi-

cially induce transition had to be reapplied at frequent in-

tervals. The conventional technique of applying grit with

Polazoid print coater as the adhesive proved inadequate,

causing the grit to be blown from the model by the air stream.

Numercus adhesives were tried with Eastman 910 adhesive be-

ing the most effective. The area where grit was applied was

outlined with masking tape and the adhesive was applied to]

the surface. The grit was then blown onto the surface and the

masking tape was removed. A uniform distribution of grit

with the individual particles not touching each other was

strived for.
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Teat Conditions

The fin alone tests# using the reflection plane

technique, were conducted at Reynolds numbers which varied

with Mach number. The unit Reynolds number varied from

1.1 x 106 at M - 0.6 to 3.2 x 10 6 at M - 3.0. It was planned

to conduct the fin alone teats such that the Reynolds number

based on fin chord at each Mach number was approximately the

same as the Reynolds number based on fin chord in the body

plus fin tests. This match was possible at Mach numbers 0.6,

0.8, and 0.9; however, due to operating restrictions, it was

necessary to conduct the tests at higher Mach numbers at

higher Reynolds numbers.

The tests on generalized slender body configurations

both with and without tail fins were conducted at Mach num-

bers of 0.6, 0.8, 0.9, 1.0, 1.15, 1.3, 1.5, 2.0, 2.5, and 3.0.

For most test conditions, a unit Reynolds number of 4 xc 106

was maintained resulting in a Reynolds number based on bodY

diameter of 4.2 x 10g For some of the tests on contigura-

tions with large fins, the unit Reynolds number was reduced

to 1.5 x 106 to prevent overloading the fin balance, result-

ing in a Reynolds number based on body diameter of 2.6 x 10.

For selected configurations, the unit Reynolds number was

varied from 2 x 10 o4x16providing a variation of

Reynolds number based on body diameter from 2.1 x 105 to

4.2 x 10.
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The model was inspected during every model changejI and the longitudinal rays of transition grit on the slender

body model had to be reapplied approximately every two hours

of tunnel operation.

The total temperature in the tunnel was maintained

at approximately 100 to 110 degrees Ft except for a few cases

I where the temperature had to be raised as high as 130 degrees

F to prevent the formation of fog at supersonic Mach numubers.

The tests were conducted with no visible moisture in the test

Precision of Measurements

Uncertainties (bands which include 95% of the cali-

brationi data) of the basic tunnel parameters (pt and,(H)

were estimated from repeat calibrations of the instrumenta-

I tion and from the repeatability and uniformity of the test

section flow during tunnelcalibrations. The uncertainties

were combined using the Taylor series method of error propaga-

tion to determine the precision of the reduced parameters

presented in Tables 3 and 4.

I3



F !
I1
Ii

Table 3

Fin-Alone Data Precision

0.60 0.002 0.1610 0.128 0.046

0.80 0.003 0.1090 0.086 0.032

0.90 0.004 0.0960 0.075 0.028

1.00 0.005 0.0600 0.048 0.017

1.15 0.008 0.0480 0.036 0.013

1.30 O.2DO 0.0430 0.035 0.013

1.76 0.020 0.0018 0.•00.3 0.0095

3.01 0.020 0.0019 0.0014 0.0095
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!V. AEDC HIGH ANGLE OF ATTACK DATA BASE

Most of the high angle of attack data which

were available prior to this investigation were primarily

for supersonic Mach numbers and for body alone type con-

figurations as in References (28) thro~ugh (40). The few

examples of data for finned slender bodies are given in

References (41) through (47). Again, most of the data

are for supersonic Mach numbers. References (44), (45),

and (46) contain data at transonic Mach numbers but all

three tests were highly configuration oriented and had

either large aspect ratio tail fins or ringtails. only

Reference (47) contains transonic data for a slender body

with low aspect ratio tail fins.

Because of the complete lack of parametric data at]

high angles of attack, it was necessary to conduct an exten-

sive wind tunnel test program to establish a set of data from

which to develop an empirical aerodynamic coefficient pre-

diction technique. It was desired to have a wide range c4f

parameters typical of finned slender bodies. Thus the main

parameters varied in the wind tunnel program were selected to

be the total body length, the ratio of the body diameter to

'the total fin span, the taper ratio of the fins and the aspect

ratio of the fins. A basic ogive-cylinder configuration wasI
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selected as the slender body to be tested. Mounted on the

slender body was a set of four fins in a cruciform plus

orientation. The basic configurations were tested at Mach

numbers over the range from 0.6 to 3.0 and at angles of attack

from 0 to 180 degrees. The three different types of data

that were obtained in the data set, fin alone, body alone, and

body plus fin, will be discussed individually.

Fin Alone Data

The fin alone data measured for the high angle of

attack data set consisted of the fin normal force, hinge

moment and root bending moment. Dividing the moments by the

normal force resulted in the longitudinal and lateral centers

of pressure of the normal force. Typical data obtained for

three fin alone configurations are shown in Figures 15, 16,

and 17 at Mach numbers 0.8, 1.3 and 2.0, respectively. The

fins have an aspect ratio of 2.0 and semi-span as indicated

in Table 2. Subsonically the sudden decrease in fin normal

force at approximately 20 to 30 degrees angle of attack

represents the typical stall condition with the triangular,

A = 0.0, fin reaching the highest fin normal force before the

stall and the square, X 1.0, fin achieving the lowest.

Tests with the aspect ratio 0.5 fin showed the opposite trend.

This trend with aspect ratio is reasonable since Bradley, et al.

(48) using Polhamus' leading edge suction analogy (49) showed

that while the potential lift of a rectangular fin decreased
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with decreasing aspect ratio the tip vortex l~ift increased

greatly providing an overall increase in lift with decreasing

aspect ratio. Polhamus (49), however, showed that the vortex

lift of a triangular fin remained relatively constant with~

decreasing aspect ratio while the potential lift decreased

with decreasing aspect ratio resulting in an overall decrease

in lift for triangular fins with decreasing aspect 2.-atio.

After the stall, the normal force of all three fins increases

to a maximum at 90 degrees angle of attack. As can be seen,

the stall occurred at higher angles of attack for decreasing

taper ratio, a trend also predictable by the leading edge

suction analogy.

As the angle of attack of the fins is increased

beyond 90 degrees, the subsonic stall again appears, but since

all three fins have straight trailing edges, they all behave

similar to a A r 1.0 fin with the stall occurring at about

180 degrees minus the square fin stall angle. For the tests

conducted with fins of smaller aspect ratio, it- was noted that

the subsonic stall occurred at increasing angle of attack for

decreasing aspect ratio. This trend is discussed by Bradley,

et al.

At low supersonic Mach numbers, the typical stall does

not occur axnd the normal force increases smoothly to the maximuin

at 90 degrees angle of attack. A gradual increase in maximum

fin normal force was nor-ed with increastng Mach number, up

to M - 1.3. The maximum fin normal force was approximately the

same level at M =1.15 and 1.3.
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At higher supersonic Mach numbers, the normal 1

F force as a function of angle of attack began to decrease at

angles of attack between 50 and 130 degrees with the

minimum occurring at 90 degrees. This dip in the normal

force can be seen in Figure 17 and is the result of

separated flow on the reflection plane ahead of the fin.

As the angle of attack of the fin reached approximately 50 I
degrees the flow on the reflection plane began to separate.

The separated flow increased with increasing angle of attack

of the fin, Figure 18, until the maximum region of separation

was reached with the fin at a = 90 degrees. The separated

region decreased in size as the angle of attack was increased 4
beyond 90 degrees until the separation disappeared at

approximately 130 degrees angle of attack. The measured

normal force at 90 degrees angle of attack decreased with

increasing Mach number. The data affected by the separation

were corrected before they wer;'e used in the, development, of the

prediction technique. The details of this !correction are

given in the next section.

The variation of root bending moment with angle of

attack for all of the fin alone configurations followed very

closely the fin normal force variation with the maximum value
decreasing with decreasing taper ratio. The resulting lateral

center of nressure occurred at approximately the lateral cen-

troid of the fin. The longitudinal center of pressure on the

fins began at a forward position on the fin and moved aft with
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increasing angle of attack to the approximate longitudinal cen-

troid of the fin at 90 degrees angle of: attack and then con-

tinued on toward the trailing edge as the angle oi attack was

increased beyond 90 degrees. The trend in longitudinal and

lateral centers of pressure was the same for all aspect

ratios and Mach numbers.

Corrections to Fin Alone Data

As mentioned earlier, separated flow on the reflection

plane resulted in erroneous data for the fin normal force and

the root bending moment at supersonic Mach numbers (1.5 < M < 3.0).

From oil flow movies it was determined that significant separation

was present between the angles of attack of 50 and 130 degrees.

Therefore, the data at angles of attack less than 50 degrees

and more then 130 degrees were assumed to be correct. The

correction to the fin normal force consists of determining a

value of fin normal force for eac~h fin at an angle of attack

of 90 degrees and fairing a smooth curve from the correct

data at 50 degrees through the determined value at 90 degrees

to the correct data at 130 degrees. The y-center of pressure

of the fin normal force was corrected in the same. manner.

No effect was noted in the x-center of pressure of the fin

normal force due to separation. Therefore no correction was

made.

An example of the corrected data is shown in Figure

19 where the fin alone data before and after the modificationI

are compared with the installed fin data.
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The maximum value of fin normal force, which wasj

assumed to occur at 90 degrees angle of attack was determined

from the calculation of a flat plate at 90 degrees, reference

(24) and from a set of data for delta wings alone, Falunin,

et al. Reference (50). The calculated value for a flat

plate was C =1.7 over the Mach range from 1.5 to 3.0.
NF

The delta wing data, for an AR - 0.706 wing had values ofC

of 1.38, 1.754, 1.759 and 1.694 at Mach numbers of 1.5, 2.0,

2.5, and 3.0, respectively. Figure 20 shows data from the high

angle of attack data set for a series of AR = 1.0 fins

compared with the flat plate calculation and the delta wing data.

Since the data from the high angle of attack data set indicate

that there is a decrease in C as a function of taper ratio,NF

the assumed values of fin normal force indicated by the

solid symbols are 1.7 for the rectangular fin, 1.65 for the

trapazodial fin and 1.6 for the triangular fin. These

-K values are assumed constant with Mach number from Mach numbers

1.5 to 3.0. The assumed values of CN compared with other data
F

from the high angle of attack data set are shown in Figures

20b and c for aspect ratio 2.0 and 0.5, respectively.

Athe correction to the y-center of pressure was

made over the same angle of attack range that the normal force

correction was made. In order to determine the y center of
V

pressure at 90 degrees angle of attack, the assumption

was made that the center of pressure was 10% inboard of the

centroid of the exposed fin area. A smooth curve was then
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assumed beginning with the measured data at 50 degrees

angle of attacke passing through the assumed point at

90 degrees and continuing to the measured data at

130 degrees angle of attack. An example of the

corrected data compared with the fin alone and installed fin

data is shown in Figure 21.

As has been stated, no correction was made for

the x center of pressure. A comparison of the x center of

pressure measured for the fin alone and installed fin cases

is shown in Figure 22.

Body Alone Data

The body alone data measured for the high angle

of attack data base consisted of normal force, pitching

moment, side force, yawing moment, rolling moment and

axial force. Only the pressure of the normal force was

determined by dividing the measured pitching moment by the

measured normal force. Typical examples of the body alone

data are shown for four different length models in Figures 23

and 24 for Mach numbers 0.8 and 1.3, respectively. The magnitudeA
I

of the normal force at both subsonic and low supersonic Mach

numbers increases with body length approximately in proportion

to the increase in planform area associated with the increase]

in body length. At subsonic Mach numbers, the normal force

increases smoothly up to approximately 60 degrees angle of
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attack. in the angle of attack range from 0 to 40 degrees,

Thompson (10) has desc~ribed the wake behind a slender body to

be steady while the wake in the angle of attack range from 40

to 60 degrees is described as quasi-steady. In both the

steady and quasi-steady regions the normal force are

expected to increase smoothly with angle of attack.

Above 60 degrees, Thompson describes the wake as unsteady

and indicates that the level of normal force should decrease.

The data in Figure 23 for the different length bodies do not

I ~decrease above 60 degrees but it does level of f with a

gradu.al increase to the maximum value at 90 degrees.

Also noted in Figure 23 for the 1/d =10 configuration,

N2AlTOO, the data obtained at 90 degrees angle of attack

with the aft mounted strut, Figure 8, does not agree with

the data obtained using the nose mounted strut, Figure

9. This mismatch in data which occurred at Mach numbers 0.6

and 0.8 is an indication of support interference~ at subsonic

Mar' numbers. The support interference problem will be

discussed in % later section.

k.At supersonic Mach numbers, the normal force in-
creases smoothly to the maximum at 90 degrees angle of attack

for all of the body lengths tested. The maximum normal force

for each )b-iy length increased gradually with increasing sub-

a%.J.-a.ic Maln number. The maximum normal force was approximately

the same for Mach numbers 1.0 and 1.15 and began a gradual

decrease ii veJ. with increasing supersonic Mach numbers.
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No indication of s~upport interference was observed at super-

sonic Mach numbers.

The body alone pitching moment showed the same

trend, with body length as the norma~l force, with the maximum

and minimum levels increasing with body length in approximate

proportion to the increase in body planform, area fore and aft

of the moment reference center. The maximum and minimum

levels of pitching moment for each body length increased in

magnitude for increasing Mach number up to M 0.9. At Mach

number 1.0, the magnitude of the maximum value of pitching

moment began to decrease with increasing Mach number. Beyond

M - 1.0,, the magnitude of both the maximum and minimum values

of pitching moment showed a decrease with increasing Mach

number. The angle of attack at which the maximum pitching

moment occurs decreases slightly with increasing Mach number

while the angle of attack at which the minimum, value of

pitching moment occurs increases slightly with increasing

Mach number.

Interference in the form of mismatch in the data

obtained using the forward and aft struts was observed in the

pitching moment at M = 0.6 and angle of attack of 90 degrees.

This interference is attributed to the proximity of the model

base to the wind tunnel wall for the forward strut supported

kd-12.66 and 15 slender body models, Figures 10 and 11.

The position of the k/d =15 model relative to the wind
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4
tunnel wall at 90 degrees angle of attack is seen in Figure

7. At a Mach number of 0.8 the mismatch was almost undec-

table# Figure 23, and at higher Mach numbers the data fromI the forward and aft strut mounted models wore in excellent

agreement at 90 degrees.4

Throughout the data base, excellent matching was

obtain~ed at the angles of attack where a strut or prebend

angle change was made and data were obtained at overlapping

angles of attack. In only a very few cases was mismatch

observed. For every slender body configuration tested over

the complete angle of attack range from 0 to 180 degrees,

four prebend angle changes were made and one strut change was

made. Thus five overlaps occur for each configuration tested

over the complete angle of attack range. The excellent match-

ing was obtained in all coefficients measured.

Body Plus Fin and Installed Fin Data

The body plus fin data measured for the high angle

of attack data base are the same as described for the body

alone case. Again, only the normal force and pitching moment ~

data will be discussed here. Body plus fin data typical of

the data in the data base are shown in Figures 25, 26, and 27

Mach nuvibers 0.8, 1.3, and 2.0. The data shown are for three con-

figurations, each having an Lid = 10 body and tail fins hay-

ing taper ratios of 0.0, 0.5, and 1.0. Each tail fin has an

aspect z-atio of 2.0 and a span ratio of 0.4. As can be seen
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from the figures, the body plus fin normal force data are

essentially independent of taper ratio. This trend is typical

of most of the data except for the data obtained with the

AR - 2.0 and d/b' - 0.3 fins, where at Mach numbers 0.6 and

0.8 significant vortex lift was deve-loped on the triangular

f in at angles of attack up to the fin stall angle causing a

significantly higher fin normal force resulting in a higher

total normal force. It should be noted that the semi-span of

the d/b' - 0.3 fin is greater than for the other fins. Thus

the fin protruded further into the freestream, resulting in the

[ least body influence. For the triangular fins with smaller

semi-spans, the presence of the body appears to decrease the

amount of vortex lift developed.

For fins having a constant aspect ratio of 2.0 and

a constant taper ratio of either 0.0, 0.5, or 1.0, the maximum

total normal force was increased by decreasing the span ratio

from 0.4 to 0.3. Decreasing the span ratio physically means

increasing the semi-span; therefore, if the aspect ratio is

held constant, the smaller span ratio results in a larger area

fin. The increased force with decreasing span ratio then is

probably caused both by increasing the f in area and by moving

the centroid of the fin further out into the airstream.

The data obtained for the configurations having a

r constant span ratio of 0.5 and constant taper ratios of eitherI

0.0,, 0.5,, or 1.0 show that decreasing the aspect ratio from
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1.0 to 0.5 resulted in an increase in maximum total normal

force. Just as above, decreasing the aspect ratio with con-

stant semi-span results in an increase in fin area and a

resulting increase in total normal force.

For configurations having the fin area approxi-

mately constant, changing the span ratio, taper ratio, and

aspect ratio had relatively little effect. The effect of Mach

number and angle of attack on the body plus fin maximum total

normal force is essentially the same as for the body alone

configuration.

The pitching moment unlike the total normal force

has a slight dependence on taper ratio at subsonic Mach num-

bers for all of the taper ratio 0.0, triangular fins. For

the aspect ratio 2.0 fin with span ratio 0.3, the increase in

vortex lift on the triangular fin resulted in a significantly

more negative pitching moment up to slightly above the fin

stall angle. The aspect ratio 2.0, span ratio 0.4 fin, and

the aspect ratio 1.0 fins have pitching monents slightly more

negative for the triangular fin due to the longitudinal cen-

troid of the fin being further aft than for the other two

fins. The aspect ratio 0.5 triangular fin, just as in the

fin alone case, had a lower value of fin normal force than

the taper ratio 1.0 and 05 fins. Therefore, the resulting

pitchin, moment had a less negative magritude than the other

two fins. As wotild be expected, changing the fin area has a
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significant effect on the pitching moment with largest f ins

having the most negative pitching moment.

The pitching moment as a function of angle of

attack, as seen in Figure 25, smoothly decreases to a minimuma

at approximately 35 to 40 degrees angle of attack. The

pitching ~momnt then increases to a maximum at approximately

55 degrees angle of attack followed by another decrease to a

second minimum of approximately 120 degrees. "his reversal

of slope of the pitching moment at 35 to 40 degrees angle of

attack diminishes with increasing Mach number. At a Mach

number of 1.15 an inflection point in the curve occurs at 35

to 40 degrees angle of attack and at supersonic Mach numbers

the pitching moment decreases continually to approximately

120 degrees angle of attack beyond which the pitching moment

increases to zero at 180 degrees angle of attack.

in addition to showing body plus fin data, Figures

19 and 20 also show typical installed fin data. The measured

quantities associated with the installed f in data are the

same as those measured for the fin alone data. The effect of

the presence of the body on the variation of fin normal force

with angle of attack is a function of span ratio at angles of

attack below 75 degrees. For span ratios of 0.3 and 0.4 the

effect is to slightly decrease the level of f in normal force

while for a span ratio of 0.5, the level is either maintained

or increased slightly. For all fins, the presence of the body
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causes an increase in the level of fin normal force at angles

of attack above 75 degrees. The effect of the presence of

the body on fin normal force was consistent throughout the

Mach number range.

Another signi ficant effect of the presence of the

body is seen in YCppint the lateral center of pressure of

the fin. Since the spanwise pressure distribution of the

fin alone is modified by the presence of the body the effect

is to move the center of pressure of the installed fin in-

board over the complete angle of attack range. This trend

holds true for all of the fins at all Mach numbers. Nct only

=does the body alter the pressure distribution over the fin but

the fin also alters the pressure distribution over the body.

This modification of the fin pressure distribution by the body

will later be referred to as the body on fin interference ýtnd

the modification of the body pressure distribution by thq fin

will be referred to as the fin on body Lnterference. J

Support Interference

The mismatch in the body alone normal force at

90 degrees angle of attack and N - 0.8, Figure 23, for the

nose mounited and aft mounted struts was an indication of

possible support interference. Another indication was the

disagreement between data obtained us~ing a sting support and

data obtained using a strut support at angles of attack

between 70 and 90 degrees, Reference (1). In order to
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determine whether or not support interference was present,

a series of tests was conducted including free flight aero-

ballistics range tests at transonic speeds and angles of

attack of 90 degrees. It was determined that the aft strut

supported configurations gave measured normal-force coefficients

which were too low at Mach numbers of 0.6 and 0.8 and angles

of attack from 70 to 90 degrees, with little or no support

interference indicated at higher Mach numbers. A second

series of tests, Altstatt and Dietz (51), used sting supported

models with dummy struts and strut supported models with

dummy stings to determine the extent and the magnitude of the

support interference for the k/d = 10 body alone configuration

from the AEDC high angle of attack data set Reference (1).

The normal-force coefficient corrected for support inter-

ference is shown in Figure 23 for the X/d = 10 configuration.

Only the data over the angle of attack range from 70 to 90

degrees, obtained with aft mounted strut model of Figure 8a

was corrected. The data obtained using the nose mounted strut

model of Figure 8b over the angle of attack range from 90

to 180 degrees matches exactly with the corrected data,

indicating that there is little or no support interference

associated with the nose mounted strut. The nose mounted

strut does not interfer with the body wake whereas the aft

mounted strut is located on the body and lies in the body

wake acting like a splitter plate, reducing the crossflow
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drag of the body and thus reducing the normal force,

Nelson (52).

For the configurations longer than L/d =10 in

Figure 23, the effect of the strut cannot be determined

exactly; however, it would be expected that some degree .

of support interference exists over the same angle of

attack range. For the lorger models, the support strut

intersects the body in both the aft and forward mounting

configurations used to obtain data in the angle of attack i
range from 0 to 90' degrees and 90 to 180 degrees,

respectively. For these configurations, the strut is always

in the body wake.

There was no noticeable effect of the support on the

measured pitching-moment-coefficient at the angles of attack

and Mach numbers at which the tests were conducted. A

In contrast with the body alone data of Figure 23

where support interference was indizated by the mismatch

of data at 90 degrees angle of attack for the two support 71

strut configurations, the body plus fin data of Figure 25

show no mismatch at 90 degrees. In Figure 25, the nose mounted

* strut data blend smoothly with the data from the aft-mounted

strut. Since the addition of fins to the model for both

the nose mounted and aft mounted strut configurations provide

the same measured normal force at 90 degrees angle of attack, I
it is possible that the presence of the fin on the leeside
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of the model has an effect on the body wake similar to that

of the strut. If this were the case, then the effect of the

strut would be reduced or eliminated. A better understanding

of support interference for finned slender bodies at high

angles of attack is needed.

J

A
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V. SEMI-EMPIRICAL THEORY f i!

The prediction of normal force and-pitching moment

coefficients for slender body configurations using the

slender body aerodynamics theories discussed in Section II.

while adequate for preliminary design at low angles of at-

tack are generally not adequate at angles of attack above

approximately 45 degrees. A semi-empirical theory based on
a modified crossflow theory with empirical relations for the

effects of tail fins, which is adequate for preliminary de-

sign purposes, is herein proposed.

The total normal force and pitching moment for a

given slender body configuration is made up cf contributions

by each component of the configuration and the mutual inter-

ference of the components with each other. The dominant con-

tribution comes from the body alone forces and moments with

the fin alone forces and the fin center of pressure rellative

to the moment reference center providing the next largest con-

tribution. The interference of the body on the fin normal

force and the interference of the fin on the body normal

force contribute to the total normal force, while the inter-

ference forces along with their effective centers of pressure

contribute to the total pitching moment. The interference

forues on the fin and body are those which result from the
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modification of the pressure distribution on one component due

to the presence of the other component. The detezmination of

the interference forces and their centers of pressure at small

angles of attack is discussed by Pitts, et al. (53). The

total normal force on the configuration is described in Refer-

ence (53) as being made up of a linear combination of the

component forces and the interference forces. The total pitch-

ing moment on the configuration is described as being made up

of the component forces acting at their centers of pressure

and the interference forces acting at their centers of pres-

sure. For the empirical determination of the interference

forces used in theory developed herein, incremental inter-

ference forces ACNBOF and ACNFOB are evaluated from the

measured forces on the individual components and combinations

of components. Effective centers of pressure, XCPBOF and

XCPFOB, are then eva_ _.ted from the measured moments of the

individual and combined components. The centers of pressure

of the interference forces are described as efLective centers

of pressure because they are not detarmined from actual pres-

sure distributions but only inferred from the measured data.

The semi-empirical calculation procedure which follows pro-

vides for the determination of Gach contributing factor to

the buildup of the norrnal force and pitching monment and then

combines the factors linearly to determine the total normal

force and pitching moment coefficients.
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It is assumed in the development of this prediction

technique that the total normal force coefficient, for a

slender body with four fins arranged in a cruciform plus

orientation, is made up of a linear combination of the con-

tributions of each component given by:

S if-CNja 2 2 (PFA) (')+ CNFOB (
+ 2 (ACNBoF) (5.1)

where each component is converted to a common reference area.

The pitching moment coefficient is likewise assumed to be a

linear combination of the force contributions along with

their centers of pressure or effective centers of pressure.

The pitching moment equation for the slender body with four

fins is given by:

Cm ~CmBA, + 2 (CNFA) (XCPFA) (**)+ (elCNIOB) (XCpFOB)(T

+ 2(ACNBOF)(XCPBOF) ()(5.2)
where XCPFOB and XCPBOF are the effective centers of pressure i

of the incremental forces due to interference. The develop-

ment of the calculation procedure is now established.
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II
Body Alone Method

This part of the procedure calculates the forces and

moments for slender finless bodies at angles of attack to 180

degrees. The method is based on a modification of the cross-

flow theory formulated by Jorgensen (6). The crossflow drag

coefficient variation with Mach number and Reynolds number is

a modification of the variation reported by Fidler and

Bateman (8) and the variation uced in the USAF Datcom (26).

The equation for normal force coefficient for the angle of

attack range 0 a c - 180 degrees is given by:

CNBA- (•) sin (2Pa' cos

+ nCdc(S) sln 2 (a") (5.3)

The modified pitching moment equation for the angle

of attack range 0 - a - 90 degrees is given by:

CmBAm sin (2a') cos

+ rCd .X sin2 (a*) + Z (5.4)

and the pitching moment equation for the angle of attack

range 90 < a < 180 degrees is given by:
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c SbXml * .J
CMBA S - d'

(t,) [<xmo ,
+ dCd(-- sin2 (a') + Z (5.5)

where a" -0 0 - a -90 degrees (6
(5.6) •

a' 180 - 90 < a 180 degrees

The location of the aerodynamic center given by:

CmA (5.7)
XCP2A CB

is measured from the moment reference location and is positive

forward of the moment reference point.

The term n is used to modify the two-dimensional

drag coefficient to approximate the drag coefficient for a
IA

finite length cylinder and is determined from the data ob-

tained by Goldstein (7). The variation of n as a function of

length to diameter ratio of the cylinder, shown in Figure 28,

was obtained by a least squares, fifth order polynomial curve

fit approximating Goldstein's n curve in Reference (7). It

has been customary in the past to assume that the finite length

correction applied only at subsonic Mach numbers and at Mach

numbers of 1.0 or greater, the term was constant and equal to

1.0. This assumption causes a discontinuous change in the

normal force and pitching moment at a Mach number of 1.0.
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However, since there is a mixture of both subsonic and super-

sonic flow over the body at high subsonic Mach numbers, a

rapid but smooth change in n would be the most likely varia-

tion. Also the discontinuous change in n at M - 1.0 results

in an overprediction of CN at M - 1.0 and a - 90 degrees.

Therefore, a hyperbolic tangent variation in n over the

region 0.95 1 M 1 1.35 has been assumed in the development of

this technique. The variation of n with L/d of the configura- 4

tion is determined from Figure 21 and then modified for Mach

number in the range 0.95 S M 1 1.35 by the following equation:

n= n + [(1.0 - n)/2] [1.0 + Tanh{(M-1.0) 15.0/M4)}] (5.8)

The fourth power of the Mach number in the last term allows

for a rapid increase in n in the region 0.95 1 M 1 1.0 with a

slower increase in n in the region 1.0 < M 1 1.35.

The crossflow drag coefficient, Cdc, used in this

procedure, is shown in Figure 29 as a function of crossflow

Mach number, free-stream Mach number, and crossflow Reynolds

number. For a crosaflow Mach number up to 0.6, the cross-

flow drag variation was taken from Reference (8). At higher

crossflow Mach numbers, the crossflow drag is assumed to be

a function of crosaflow Mach number only and is represented

by a modification of the crossflow drag from the USAF

Datcom (26).
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The term Z, which appears in the pitching moment

equation, is the empirical modification to the crossflow

theory to make the theory fit the observed pitching moment

data from the high angle of attack data base. The term is

a function of both Mach number and angle of attack for Mach

numbers less than 2.0. The term Z was determined by sub-

tracting the pitching moment coefficient calculated by

Jorgensen's formulation of the crosaflow theory from the

measured pitching moment coeffic% ent:

2 - CImeasured - Cmaloulted (5.9)

For each Mach number, Z, as a function of angle of attack,

was normalized by its maximum'value. The resulting 6 is

shown in Figure 30 for each. Mach number. A curve, • (weighted

Stoward M = 0.9), also shown in Figuze 30, represents the varia-

tion of 6 with angle of attack. The • was represented by a

Chebyshev polynomial for machine computation. The normalizing

factor, ZMAx, is shown in Figure 31 as a function of Mach number.

The ZMAx variation with Mach number was also represented by a

Chebyshev polynomial for machine computation. The coefficients

of the polynomial for both • and ZMAx are given in Table 5.

Another empirical factor was added to account for i
a body with (L/d) different from the data used to determine the

Scorrection. Thus the resulting factor is given by:

I2

Z (ZAX) 1•1 (5.10)
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Table 5

Coefficients of Chebyshev Polynomials

-1.19012E-01 5.567923+00
-2.61068E-01 -?.863489+00
1.41951E-01 -3.831333-01
4.53981E-01 2.15263E+00

-3.71147E-02 4.52087E-01
-2.38234E-01 -3.49564E-01
8.02296E-03 3.80121E-01
2.41076E-02 -1.244663-01

-2.448893-02 -1.074083+00
2.18215E-02 -6.483463-C2
5.000O11E-03 -1. 05244E+00

-3.464623-02 -3.29285E-01
2.564793-02 -9.00879E-01

2.18353E-02
-4.90295E-01
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Interference Factors

The incremental interference force coefficients

ACNOSand ACNWOFU or interference factors,, along with their

effective centers of pressure were determined from the data

in the high angle of attack data set. Only the data obtained

for the I/d - 10 total length configurations were used to

empirically determine the interference factors. The computer

program used to determine the interference coefficients is

described in Appendix D.

The incremental normal force coefficient on the fin

due to the presence of the body was determined by subtracting

the normal force coefficient measured on the fins alone from

the normal force coefficient measured on the fins in the

presence of the body.

ACNBOF I CNFB -CNFA (5.11)

The above interference factor has a reference area based on the

f in area and will be converted to a reference area based on

body cross sectional area in the final normal force and pitch-

ing moment equations.

The incremental interference normal force coefficient

on the body due to the presence of the fin can nov be deter-

mined by rearranging the assumed equation for the total

normal force coefficient, Equation 5.1.
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r Is

ACNFOB - CN - CNM - 2 (CNFA) I-

- 2('CNoF) (5.12)

Again this interference is based on fin area and will be con-

verted in the final equation. Now with the two interference

factors known, their effective centers of pressure must be

determined. The effective center of pressure in the X direc-

tion relative to the fin hingeline can be determined for the

interference factor ACNBOF by using the measured fin hinge

moment for the fin alone and fin in the presence of the body

cases. The interference hinge moment is obtained by sub-

tracting the hinge moment measured on the fins alone from the

hinge moment measured on the fins in the presence of the

body. The following equation is given for the interference

hinge moment

(ACNBoF) (XCPBFH) - (CNFB) (CPXHLB) - (CNFA) (CPXHLA) (5.13)

resulting in

(CNFB) (CPxBLB) - (CNFA) (CPXHLA)XCPBFH (C~F(.d

The lateral effective center of pressure YCPBoF can be deter-

mined in a like manner from the measured fin alone and
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installed fin root baning mnents.

The offective center of pressure of the interference

is related to the hingeline and is nondimensionalized by the

root chord length. It must now be determined relative to the

center of gravity of the configuration and nondimensionalized

by the body diameter for use in the final pitching moment

equation. The hingeline location, XHL, relative to the center

of gravity for finned bodies, is an input parameter and is

negative aft of the center of gravity. It follows that:

ICr
1CPBOF "x- + X If is (.15)

The effective center of pressure of the interfer-

ence factor, ACNpoB, can now be determined by rearranging the

equation for the total pitching moment coefficient, Equation

5.2.

Cm-CmBj- 2 f # (X@,) - 2 (CNFA,)( f~)r
- jS)(5.16)

where

XCPFA - XHL + CPXHLA ( (5.17)

By the nature of the equation, the effective center of pres-

sure, XCpFOB, is nondimensionalized by the body diameter.

The interference factors and their effective centers

of pressure have been mathematically represented by a
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hypersurface determined at each Mach number and angle of

attack, using a multiple linear regression technique. The

dependent variable on the surface is represented as a functicn

of the three ratios - taper, aspect, and span - which define

the fin.

Fin Alone Method

The fin alone contribution to the total normal force.,

coefficient and total pitching moment coefficient is deter-

mined by a surface fit to the measured data at each angle of

attack and Mach number. The surface was determined in a

manner simil&ir to the interference factors by the multiple

linear regression technique. The fin alone variables of fin

normal force, UNFA, center of pressure location in the X

direction, CPXHLA, and center of pressure location :n the Y

direction, CPYRCA, are determined at each Mach number and

angle of attack by an equation which is a functioh of the

two ratios, taper and aspect, which are independent of the

body and define the fin.

Multiple Linear Regression Technique

The multiple linear regression technique, used to

represent the calculated interference factors and the

measured fin alone data by surface equations, is a standard

application program for the IBM scientific subroutine packaye,

Ieference (54).
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Subroutines from the scientific package used to

perform the multiple linear regression are CORRE, ORDER, MINV,

and MULTR and a detailed description of each may be found in

Reference (54). These subroutines were incorporated into an

overall program described in Appendix E, which prepared the

calculated coefficients for analysis by defining the surface

equations and setting up matrices containing the dependent

and independent variables. A regression analysis was per-

formed for each parameter at each Mach number and each angle

of attack combination. Sinco ten Mach numbers and 91 angles

of attack were used, 910 regression analyses were conducted

for each of the eight parameters, aCNFOBI 6CNBOF, XCPFOB,

YCPBOF, XCPBFHI CNFA, CPXHLA, and CPYRCA.

Subroutine CORRE was used to determine the means,

the standard deviations, and the correlation matrix for the -

parameter being analyzed.. The subroutine ORDER then selected

a dependent variable and a sxbset cf independent variables

from the larger set of variables resulting from subroutine

CORRE for the parameter. The correlation matrix of the subset

selected by ORDER was inverted by subroutine MINV and finally

the regression coefficients and confidence level indicators

were determined by subroutine MULTR. The regression coeffi-

cients for each parameter and the equation for that parameter

* are takulated in Appendix B tor the interference coefficients

and Appendix C for the fin alone parameters.

;6
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VI. DISCUSS:ON OF COMPUTATION TECHNIQUE

Th2 calculation of the normal force and pitching

montent for a finned slender body may be carried out by either

hand or mnchine computation. An example of each will be pro-

vided. Tha hand calculation will provide estimations where

only a few angles of attack and Mach r~nmber caoes are needed.

Where more extenriire calculations are required, the computer

program will provide quick answers for a minimum amount of in-

put. The range of inputs to the compiltation technique is

shown in Table 6.

Hand Calculaticn

For a given finned slender body, the total normtal

force and pitching moment coefficients are given by Equations

5.1 and 5.2 respectively. Each component of the two equations

is determined separately. The body alone normal force is

determined from Equation 5.3 and the body alone pitching mom-

ant is determined by Equations !.4 and 5.5. The factors Cdc

and n are determined from Figures 29 and 28 respectively. The

factor Z is determined from Equation 5.10 with 7 and Z

determined from Figures 30 and 31., respectively.

The interference factors and their effective centers

of pressura are determined from the regression coefficients,

00...04, tabulated in Appendix B, and the general equation:
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Factor 0+ + 02 A2 + 03 AR 4 B4 ýd/b') (6.1)

The fin alone ccntribitions are dotermined by the regression

coefficients, 0.0..B3, tabulated in Appendix C, and the

general equation:

2
Fin Alone - %0 + 6 1 A + 2 A + 8 AR (6.2)

Since the regression coefficients are determined for discrete

Mach numbers and angles of attack, values for other Mach num-

bers and angles of attack must be determined by linear inter-

polation. An example of a hand calculation is given in

Appendix F.

Machine Calculation

Machine computations are carried out using an IBMI

370/165 computer. The program usaed is described in Appendix

'G. Only tha salient features of the program will be de-

scribed here. The basic descriFtion of the nose, body, and

fins are input as well as the flight conditions such as Mach

number and either altitude or Reynolds number. A subroutine

in the program calculates Reynolds number from Mach number

and altitude using data from Reference (55) if altitude rather

than Reynolds number is input. The equations from Appendix I

are programmed so that only the basic dimensions of nose type,

nose length, nose radius, body diameter, and body length are

required to establish the slender hody configuration. The
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I span ratio, aspect ratio, and taper ratio describe the fin
configuration.

The regression coefficients are input to the program

from magnetic tape and are called into the program and stored

on a disk file for use when needed. For each configuration

input to the program, the aerodynamic coefficients are cal-

culated for each of the ten Mach numbers: 0.6, 0.8, 0.9, 1.0,

1.15, 1.3, 1.5, 2.0, 2.5, and 3.0. In addition, for each Mach

number, the coefficients are determined at angles of attack

from 0 to 180 degrees at 2-degree intervals. After all of the

coefficients are calculated, linear interpolations are per-

formed at each angle of attack to provide calculations at de-

sired Mach numbers other than those used in the primary calcu-

lations. For each desired Mach number, the coefficients are

printed for each angle of attack from 0 to 180 degrees at

2-degree intervals.

The effects on the normal force and pitching moment

coefficients of roll of the fins from the vertical and

horizontal planes to an arbitrary roll position, * is accom-
plished to a first order approximation by multiplying the

terms containing CNFA and ACNSOF in the normal force and

pitching moment coefficient, Equations 5.1 and 5.2 respec-

tively by (sin * + corn*s It should be noted that the

effects of the fins rolling through the body vortices in not

included in the approximation. The fin normal force coefficient,
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root bending and hinge moment are determined for the * • 0

case only.

Machine calculations were used for the calculation

of coefficients for comparison with data for the verification

of the computation technique.' An example of a machine cal-

culation is given in Appendix H.
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VII. VERIFICATION

Due to the almost total lack of unclassified high

angle of attack data for finned slender bodies at transonic

Mach numbers, ýhe verification of the computation technique

will have to be based primarily on data from the high angle

of attack data baae. The verification will be accomplished

in three ways. First# computations made using the aerodynamic

coefficient prediction technique developed herein, will be

compared with typical data from the high angle of attack data

base which were used to determine the interference factors.

Second, computations will be compared with data from the high

anigle of attack data base, which were not used to determine

the interference factors. Finally, computations will be com-

pared with some of the limited amount of unclassified, high

angle of attack data from the literature.

Hii Anle of Attack Data Used to Determine Interference

Comparisons are made in Figures 32, 33, and 34

at Mach numbers of 0.8, 1.3, and 2.0, respectively, of the

measured and calculated aerodynamic force and moment coef-

body alone configuraticai for determining the interference

coefficients. While data are compared only at one

subsonic, one low supersoniic, and one supersonic Mach
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number, they are typical of the comparisons at the other Mach

numbers. The mismatch in the measured and calculated center

of pressure at very low and very high angles of attack is the

result of missing the pitching moment slightly and dividing

by a very small normal force coefficient.. Since the symbols

on the normal force and pitching moment plots approximate the

error band of the data, it can be seen that at M - 0.8, the

calculated values of normal force coefficient lie within the

error band for most of the angle of attack range, except

around 90 degrees, where the modification of Jorgensen's body

alone crossflow theory does not account for the reduced

normal force when the wake becomes unsteady and where the

support interference has affected the data. The pitching

moment coefficient prediction is within the error band of the

data for much of the angle of attack range except for two

segments around 55 degrees and from 135 degrees to 165 de-

grees. At M - 1.3, thenormal force coefficient prediction is

within the error band of the data except for a small segment

around 90 degrees that is within a maximum of approximately

15% of the measured data. The pitching itoment coefficient

prediction is within the error band of the data over much of

the angle of attack range, with a maximum deviation of ap-

proximately 15% at 155 degrees angle of attack. At M - 2.0,

the normal force coefficient prediction is within the error

band of the data over mostof the range except from 100 to 140

degrees where the maximum deviation is less than 10% of the
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measured data. The pitching-moment coefficient prediction

is on the edge of the error band over most of tho angle of A

attack range except from an angle of attack from 10 to 140

t degrees where the maximum deviation is approximately 12%

I. from the measured data.
A typical finned configuration used to determine

the interference coefficients is configuration N2A1T35. The

data for this configuration are compared with predicted

values at Mach numbe~rs of 0.8, 1.3, and 2.0 in Figures 35,

Z 36, and 37, respectively. The center of pressure, normal

force coefficient and pitching moment coefficient agree with-

in approximately 15% over the entire angle of attack rangeA

at M - 0.8. For finned configurations, the installed fin

characteristics such as fin normal force coefficient and the

X and Y centers of pressure are calculated. Also determined

from the fin normal force and the centers of pressure are

the hinge moment and root bending coefficients for the fin.

The predicted fin normal force coefficient in Figure 35 is

within the error band of the data except for the peak due to

vortex-lift on the triangular fin at approximately 30 degrees.

The pronounced peak does not occur ior the A - 1.0 and 0.5

f ins and was not effectively represented in the surface fitJ

since the variation with taper ratio wan represented by only

a second order form in the equation. The root bending and

hinge moment are represented within the error band of the

data over much of the angle of attack range and fairly well
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over the rest of the range. The X and Y centers of pressure

show the same variation from the data that the fin moments

show. The comparison of the measured and predicted aerody-

namic coefficients for the configuration N2AlT35 at a low

supersonic Mach number is shown in Figure 36 at 14 1.3. The

center of pressure and pitching moment coefficient predic-

tions are within the error band of the data over much of the

angle of attack range, with maximum deviations of approxi-

mately 12%. The normal force coefficient prediction is with-

in 10% over the angle of attack range where it is not within

the error band of the data. For this case the fin normal

force coefficient prediction is within the error band of the

data. The hinge moment prediction is in close agreement

with the data except between 35 and 45 degrees angle of at-

tack and again at about 156~ degrees. The root bending is

also in close agreement with the data. The X and Y centers

of pressure again show tbesame variation from the data as

the hinge moment and root bending. &-he discrepancies in the
X and Y centers of pressure are the result of a poor surface

f it of the calculated value of the effective center of pros-

sure of the incremental interference force on the fin. These

discrepancies do not detract from the technique as a predic-I

tive tocl because of the nature of the X and Y center of

pressure variation with angle of attack and the resulting

hinge moment %nd root bending variation with angle o~f attack.

Since the discrepancies *_,cur in a region of fairly constant
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variation of the paramters with angle of attack, a line

could be faired throuqh the mean of the discrepancies and

result in a prediction within less than 10% of the measured
k ;'4alues. The predicted normal force at N - 2.0 lies within

the error band of the data at angles of attack up to 100 de-

grees:beyond 100 degrees the maximum deviation is less than

100 from the measured normal force. The pitching-moment co-

efficient which was predicted lies within the error band ex-

cept for a region between 90 and 140 degrees where the pre-

diction follows the trend of the data with less than 14%

deviation from the measured pitching moment. Excellent agree-

ment is obtained for the fin variables with the same type do-

viations discussed for the N = 1.3 case.

Other Data from High Angle of Attack Data Base

It would be expected that the data used to develop

an empirical prediction technique would be in excellent agree-

ment with the predicted values as it was in the previous sec-

tion. In this section, data from the high angle of attack j
data base using the same fins but a different length body

will be compared with coefficients calculated using the high

angle of attack coefficient prediction technique.

The measured aerodynamic coefficients for the t/d =

15 body alone configuration are compared with predicted co-

efficients in Figure 38 at a Mach number of 0.8. Just as in

the subsonic data foz the t/d - 10 configuration, excellent I
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agreement is obtained except for the ar le of attack range

from 60 to 120 degrees where the unsteady wake and suspected

support interference affect the measured data. Agreement

within 15% is obtained in the pitching moment coefficient ex-

cept ii the angle of attack range from 120 to 160 degrees

where the technique overpredicts the pitching moment coeffi-

cient by a maximum of abeut 40%. The center of pressure is

in error for angles of attack above 120 degrees due to the

error in pitching moment.

Supersonically, as shown in Figure 39, at a Mach

number of 1.3 the predicted aerodynamic coefficients for the

9-/d = 15 body alone configuration are in much closer agree-

ment with the data. The norma3 force coefficient is in

erroi by less than 10%. The correction to the pitching mo-

ment coefficient derived for the I/d - 10 configuration

causes a flattening in the cirve between about 20 and 50 de-

grees angle of attack, resulting in the underprediction of

the pitching moment coefficient in this range. Over the rest

of the angle of attack range, agreement within a maximum of

15% is obtained.

The subsonic case at M - 0.8 for the finned L/d -

15 configuration, H2A3T31 with AR - 0.5 fins, is shown in

Figure 40. The predicted ndkmal, force coefficient is within
a maximum of 15% of the measured value and except for one

small range of angles about 36 degrees, where an error of ap-

proximately 20% occurs, the pitching moment coefficient

78



prediction~ is within 151 of the measured value. Most of the

error in the coofficients can be attributed to the error in

the predicted body alone coefficients. The predicted, in-

stalled fin normal force agrees with the measured values

within less than 151 over the complete angle of attack range.

The X and Y centers of pressure and the fin moments again

display the same discrepancies discussed earlier but again

the level of the parameter can be estimated by fairing.I
The supersonic case for configuration N2A3T31 is

shown in Figure 41 for a Mach number of 1.3. Excellent agree-

ment is seen for this configuration between the measured and

predicted normal force pitching moment and installed fin

normail force coefficients. The coefficients are predicted

within 10% over the entire angle of attack range. Even the

predicted fin moments and centers of pressure are in close

agreement with the measured values.

The data for a second finned LId - 15 configura-

tion, N2A3Tl3, with AR - 2.0 fins, is now compared with the

predicted coefficients. The subsonic case for M = 0.8 is

shown in Figure 42. As in other cases at subsonic Mach num-

bers, excellent agreement in normal force coefficient is ob-

tained except in the unsteady wake region around 90 degrees

angle of attack where a maximum error of approximately 15%

occurs. The pitching moment coefficient agrees almost with-

in the error band of the data except at angles of attack
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between 116 and 146 degrees where a maximum error of approxi-

mately 20% occurs. The fin characteristics of normal force

and root bending are slightly underpredicted at angles of at-

tack above 80 degrees while the other fin characteristics are

in excellent agreement. Complete data were not available at ]
M - 1.3, but the comparison of measured and predicted coetfi-

cients at M - 1.15 is shown in Figure 43. The measurements

and predictions are in excellent agreement, which is typical I
of the previous comparisons at supersonic Mach numbers.

High kngle of Attack Data from Literature

In this section, data from recent tests at high

angles of attack are compared with the theoretical predic-

tions. Data for a slender body repo. ted by Fleeman and

Nelson (36) provide a comparison of the body alone predictive

capability of the prediction technique. The slender body

consists of a 2.5 caliber sharp ogive nose with a 12.05 cali-

ber cylinder afterbcdy. The model was tested using a sting

support at angles of attack from 0 degrees to 45 degrees and

from 135 degrees to 100 degrees. At angles of attack from

45 degrees to 135 degrees, a strut support was used. The

strut support intersected the aft portion of the body at a

90 degree angle. Thr predicted values of normal force and

pitching moment are ccmpared with the measured da-.a in Fig-

ure 44. At Mach numbers of 0.6 and 0.8, tb". normal force

agreement is Pxcellent except around 90 degrees angle of at-

tack, where th nsteady wake effect and possible support
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interference cause approximately 17 to 20% disagreement.

The predicted pitching moment coefficient agrees with the

data for both M - 0.6 end 0.8 up to 100 degrees angle ci at-

tack. Between 100 degrees and 160 degrees, the theory pre-

dicts a much lower value of the coefficient than was meas-

ured. Just as with the previously described data, the agree-

ment is excellent at the supersonic and low supersonic Mach

numbers.

Another slender body configuration test was con-

ducted by Baker and Reichenau (40). The tests were conducted

for a series of air and ground launched strategic missile

concepts. The data for a typical configuration from the test

are compared with pcedicted normal force and pitching moment

coefficients in Figure 45. The configuration selected is

N3B2. The A3 designates a blunt ogive nose, 2.14 calibers in

length with spherical blunting. The afterbody, B2, is a

cylinder 6.15 calibers in length. The model was supported

by a sting in the angle of attack range from 0 degrees to 45

degrees and with a forward swept strut in the angle at-

tack range from 40 degrees to 180 degrees. The large forward

swept strut would be expected to produce more interference to

the data than the strut of Reference (36), which intersected

the body aL 90 degrees or the support arrangement used in

the high angle of attack data base which has a 45 degree

rearward sweep. The discontinuities in the data resulting

from support interference at 40 degrees angle of attack are
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evident in Figure 45, where the measured and predicted values

of normal force and pitching moment coefficient are compared.

At a Mach number of 0.6, only fair agreement is obtained with

the normal force coefficie.nt, w~hile very good agreement is ob-

tained in pitching moment coefficient. Much better agreement

is obtained at Mach number 0.8 with the error in normal force

of only about 10%. The agreement in pitching moment is very

good with greatest disagreement being in the angle of attack

range from 140 degrees to 160 degrees. At supersonic Mach

numbers the effect of the strut appears to cause a decrease

in the level of the normal force and pitching moment coeffi-

cient. The agreement between the measured and predicted

normal force and pitching moment coefficients is excellent

for the data obtained with the sting support; however, the

data from strut support model is in disagreement with the

theory. *

The only high angle of attack data for a slender

body with low aspect ratio fins at transonic Mach numbers

other than the dat~a in the high angle of attack data ba~se are

reported by Jenke (47). The tests were conducted on a modi-

filed basic f inner mnodel to measure the roll damping, the

Magnus force and the static stability. The model was sup-

ported by an "L" shaped strut arrangement. A six-component

balance was attached to the horizontal leg of the strut and

a roll mechanism was attached to the balance. The model was

then attached to the roll mechanism. With the model in place,
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the vertical leg of the strut wss approximately 3,25 model

Sdiameters 
beh ind the mode l. The mode l consisrod of a 2.5

caliber sharp ogive nose ane a 7.5 caliber cylindez alterbody.

Foye'r fin* were mounted in a cruciform plus orientation. 'il

fins hae a tapet raio of 0.5, an asnect ratio of 1.0, and a

span ratio of 0,5. The model had a rrdl rate of approxi-

mately i00 zadiana/zetcoad 'uring the test.

The comparison of the me&asred and predicted aero- I
dynamic ccefficients is shown kki Figure 4S. At a Mach num-

ber of 0.6, the maximum disagreement in normal force coeffi-

cient of approximately 36% occurs at 45 degrees. Better

agreement is obtained at lower angles and at 90 degrees. The

trend of the pitching moment is correct, including the in-

crease i.n the coefficient to a maximum at approximately 60 to

65 degrees angle of attack. However, the magnitude of the

pitching moment at the maximum is not in agreement. The

agreement in normal force coefficient at a Mach number of 0.8

is much better than at 0.6, with the predicted values within

less than 10% of the measured data. Again, the magnitude of

the measured and predicted values of pitching moment coeffi-

cient at the maximum between 30 and 70 degrees angle of at-

tack do not agree. Supersonically, at Mach numbers of 1.15,

1.3, 1.5, 2.0 and 2.5, the agreement in both ncrmal force and

pitching moment is very good.
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VIII. CONCLUSIONS

Conclusions

A series of slender body configurati.onst both with

and without tail fins, were tested at transonic and supersonic

Mach numbers and at angles of attack to 180 degrees. Addi-

tionally, the tail fins were tested alone on a reflection

plane at transonic and supersonic Mach numbers and at angles

of attack to, 180 degrees. The parametric variation of model

length and the fin aspect, taper, and span ratios provide a

significant data base for body alone, fin alone, body plus

fin and installed fin configurations. Prior to this effort,

there was a complete dearth of parametric data for slender

bodies with lao' aspect ratio fins at transonic and supersonic

Mach numbers in the very high angle of attack range. The data

base established through thia effort provides a basis for the

development of the semi-empirical aerodynamic coefficient pre-

diction technique reported herein. The data base also will

provide a standard of comparison for completely theoretical

aerodynamic coefficient prediction techniques being developed.

A semi-empirical theory, adequate for preliminary

design purposes, has been developed for the prediction of aero-

dynamic coefficients for finned slender bodies at angles of

attack from 0 to 180 degreee and Mach numbers from 0.6 to 3.0.
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The theory is based on a modification of the croseflow theory

as formulated by Jorgensen with empirical relations for the

effects of tail fins. An empirical not of interference fac-

tors was determined to correct the fin alone data for the pre-

sence of the body and allow for the determination of the in-

stalled fin aerodynamic characteristics. Empirical inter-

ference factors were ala'o determined to account for the incre-

ment in body force due to the presence of the fin. A multiple

linear regression technique was used to put the vast amount of

interference factor and fin alone data into a form which is

simple to use and provides the capability for the determina-

tion of interference factors and fin alone data for arbitrary

low aspect ratio fins within the range of the data base.

Equations involving regrossion coefficients and the aspect,

taper, and span ratios of the fins are used to calculate the

interference factors and fin alone aerodynamic coefficients.

A computer program has been written to provide

rapid calculation of the aerodynamic coefficients for multiple

configurations at user selected Mach numbers and Reynolds

numbers or altitudes.'The aerodynamic coefficients predicted

by the program are within 15% or better og the measured data

over most of the angle ot attack range.A
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Figure 1. Viscous contribution to normal force and
pitching moment coefficients at high angles of
attack and M = 2.9.
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Figure 6. Installation of Z/d = 10 slender body in
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Figure 15. Typical fin alone data for three fins with

AR = 2.0 and different taper ratios, tested on
reflection plane, M = 0.8.
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Figure 16. Typical fin alonc data for three fins with
AR = 2.0 and different taper ratios, tested on
reflection plane, M 1.3.
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Figure 17. Typical fin alone data for three fins
with AR = 21.0 and different taper ratios,
tested on reflection plane, M = 2.0.
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Figure 17. (Continued)
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Figure 23. Typical body alone data for four
different body lengths, M = 0.8.
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Figure 23. (Continued)
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Figure 24. Typical body alone data for four different body
lengths, M =1.3.
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Figure 24. (Continued)
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Figure 25. Typical body plus fin data for three finned
bodies having AR = 2.0 and d/b' = 0.4 fins with
different taper ratios, M 0.8.
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Figure 25. (Continued)
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Figure 25. (Contin-ied)
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Figure 26. Typical body plus fin data for three finned
bodies having AR = 2.0 and d/b' =0.4 fins with
different taper ratios, M = 1.3.
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Figuic 27. Typ-ical body plus fLn data for three finned I
bodien havinq AR = 2.0 ind d/L' = 0.4 fins with
different taper _-atios, M 2.0.
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Figure 27. (Continued)
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Figure 27. (Continued)
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Figure 27. (Continued)
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Figure 32. Comparison of typical, measured body alone data
used Lo determine interference coefficients and predicted
body alone coefficients, M = 0.8.
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Figure 32. (Continued)
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Figui'e 33. Comparison of typical, measured body alone data
used to determine interference coefficients and predicted
body alone aerodynamic coefficients, M = 1.3, I
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Figure 33. .W-ontinued)
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Figure 34. Comparison of typical, measured body alone data
used to determine interference coefficients, M 1.3.
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Figure 35. C-omparison of typical, measured body plus fin
data used to determine interference coefficients and
predicted body plus fin aerodynamic coefficients,
M =0.8.
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used to determine interference coefficients and predicted
body plus fin aerodynamic coefficients, M- 1.3.
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Figure 43. Comparison of typical, measured X/d = 1.5 body
plus AR = 2.0 fin data and predicted body plus fin
aerodynamic coefficients, M 1.15.
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APPENDIX D

DITA ANALYSIS PR~OGRAM

The data an.a1yris program is relatively short, con-

sisting of a MAIN program and five subroutines (ORDER, SWAP,

INTERP, DIM and FORIT). All1 of the data in the high alpha

data base, obtained during numerous wind tunnel entries over

a two-year period were pl~aced on one reel of magnetic tape

for analysis by the data analysis program. The various data

part numbers for a given configuration and Mach number which

go together to make up an angle of attack sweep from 0 to

180 degrees were given common identification numbers on the

tape.

The MAIN program reads the data tape and places the

data in a sequential disk file to be searched repeatedly to

bring the various body alone, fin alone and body plus fin

data into the program so that the interference factors and

their effective centers of pressure can be calculated. To

begin the computation for a given fin configuration and a

given Mach number, the index numbers of the fin alone, the

body alone and the body plus fin data are read in MAIN. The

disk file is then searched for the required data. When one

of the input index numbers is found, the data are placed into

one of three sets of array& depending on whether the data are
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for fin alone, body alone, or body plus fin. The sets of

arrays are made up of data for the normal force and pitching

moment coefficients for both the body alone and body pluu fin

as well as the fin normal force, root bending and hinge mom-

ent coefficients for both the fin alone and the fin the

presence of the body. After the search of the disk file is

complete, the data from each array are placed in an ascending[ order of angle of attack and duplicate angles of attack are

eliminated by subroutines ORDER and SWAP. Once the arrays

are ordered, subroutine 1NTERP is called for each array and

a relaxed second derivative, cubic spline interpolation is

performed to determine the values of each array at even angles

of attack from 0 to 180 degrees. The use of the interpolation

also fills in any small gap in the data due to bad data

points which were left out or places where problems in the

wind tunnel test precluded obtaining the data.

With the data in each array determined at even

angles of attack, the interference factors and effective

centers of pressure were obtained using the dimensions of

the selected fin obtained from subroutine DIM and Equations

5.11, 5.12, 5.14, and 5.16 from Section V and an array based

on angle of attack for each factor was established. Because

of scatter i~n the data, it was necessary to smooth the

determined values of the interference factors and effective

centers of pressure as well as the fin alone coefficients
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before the regress4 on coefficients could be determined. In

order to do this, the values of each array were approximated

by a twenty term Fourier series using subroutine FORIT. Sub-

routine FORIT is a standard IBM scientific package subroutine

describod in Reference (54). The standard deviation, a, of

the values in the arrays from the Fourier series approximation

was then determined. The values of the factors in the arrays

were then compared with the approximated values using the

Fourier series. Any value that doviated from the approxime-

tion by more than 2a was placed equal to the approximited

value at that angle of attack plus or minus one a depending

on whether the value from the array was greater or less than

the approximated value.

The smAoothed values of the interference factors,

their effective centers of pressure and the fin alone

coefficients were then placed into a larger set of arrays

which were function: of angle of attack, Mach number, taper

ratic, aspect ratio and span ratio. After the values were

placed into these large arreys control. was shifted back to the

read statements in MAIN and a new fin configuration was

analyzed. After all of the fin configurations in the data

base that were tested with the E/d = 10 body had been analyzed

and placed in the large arrays, the large arrays were then

written on a magnetic tape for further analysis by the re-

gression coefficient prcgram.
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APPENDIX E

REGRESSION COEFFICIENT PROGRAM

The data in the high anqle of attack data base

associated with the fins were obtained for twelve different

fins each having different combinations of taper, aspect and

span ratios. A schematic in Figure (E-l) shows the relation-

ship of each fin to the others in the data base. The three

ratios describe a cube where one dimension is represented by

the taper ratio, another dimension is represented by the

aspect ratio with the final dimension being represented by

the span ratio. Every combination of the three ratios was

not tested but the ones where data were obtained are indicated.

It can be seen that at each angle of attack and Mach number

combination, a "cube" is defined for each interference factor

(•CNFoB and ACNBoF) and effective center of pressure (XCPFoB,

YCPBor, and XCPBFH). Thus, in order to provide for the

determination of interference factors and effective centers

of pressure for arbitrary fins with characteristics which

fall within the "cube", a regression analysis using a least

squares technique was used to fit a hypersurface to the cal-

culated factors. The form of the equation for the hyper-

surface was assumed from the way the data ir the data base

were obtained. Since data were obtained at only two
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different aspect ratios while holding the other ratioa con-

stant, a linear function of aspect ratio was assumed. Also

since data were obtained at only two span ratios while hold-

ing the other ratios constant, then a linear relation was

assumed for span ratio. For each combination of span and

aspect ratio, data were obtained for three taper ratios, thus

a quadratic function of taper ratio was assumed. The hyper-

surface equation for a typical interference factor therefere

is:

2ACNFoB = o + + B2+ a AR + 04 (d/b')

For every combination of the three ratios at which data were

taken, an equation is formed. Thus for the twelve combinations,

a system of twelve equations is developed. The multiple

linear regression technique then takes the twelve equations

and determines the regression coefficients 0o... 4 which

allows the calculation of ACNFOB for arbitrary values of the

taper, aspect and span ratios. Since the fin alone character-

istics for a given Mach number, angle of attack combination

are a function of only taper ratio azid aspact ratio, a

system of nine equations are determined with the form:

CNFA = o + 81 A + 02X2 + 83 AR

and the regression analysis is performed to determine the

regression coefficients 0o.--a
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The computer program which was written to determine

the regression coefficients consists of a MAIN program and

eight subroutines, Figure (E-2), the MAIN program calls sub-

routine CALCO to prepare the data for analysis. A regression

analysis is done for each factor at each Mach number, an~gle

of attack combination. Thus CALCO sets up a column matrix

of dependent variables and a 4 x 12 rectangular matrix of

independeit variables which represent the systems of 12

equations for each of the interference factors and effective

centers of pressure. CALCO also sets up a column matrix of

dependent variables and a 3 x 9 rectangular matrix of in-

dependent variables which represent the systems of nine

equations for each of the fin alone characteristics. The

data which make up these matrices are provided by subroutine

DAP which reads the magnetic tape produced by the data

analysis program (Appendix D). Since the data are supplied

by subroutine DAP, subroutine DATA called by subroutine CORRE

consists only of return and end statements. After the matrices

are established for each factor at the first Mach number,j

angle of attack combination subroutine MULREG is called for

each interference factor, effective center of pressure and

fin alone characteristic.

Subroutine MULREG places the column matrix of

dependent variables into the first column of a rectangular

working matrix. Then the mat-rix of independent variables is
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placed into the remaining columns. With the rectangular

working matrix subroutine MULREG then calls consecutively

subroutines CORRE, ORDER, MINV, and MULTR, which were taken

from the IBM Scientific Subroutine Package, Reference (54),

to perform the multiple linear regression analysis. Control

is then returned to subroutine CALCO.

After subroutine MULREG is called for each factor

and a regression analysis is performed for each factor, the

resulting regression coefficients are placed into a large

array set up for each factor which is a function of Mach num-

ber and angle of attack. Now a new regression analysis is

performed for each factor at the next Mach number angle of

attack combination and these regression coefficients are

added to the large arrays. When regression analyses are com-

pleted for each Mach nwuiber, angle of attack combination,

eight large arrays of regression ccefficients result which

represent ACNFOB, ACNBOF, XCPFOB, YCPBOF, and XCPBFH as

functions of Mach number, angle of attack, taper ratio,

aspect ratio, and span ratio and CNFA, CPXHLA, and CPYRCA as

functions of Mach number, angle of attack, taper ratio, and

aspect ratio. These large arrays are then written on magnetic

tape to be used in the coefficient prediction program, and

the regression coefficients are printed out for a permanent

record.
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DATA TAKEN AT
SOLID SYMBOLS

0.5

0.5

SPAN RATIQ
dlo' ASPECT RAT!O, AR

0.3 - ,6. .. 20
0. O.0.1

TA PER RATIO, A

Figure E-1. Range of fin variables.
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APPENDIX F

HAND CALCULATION EXAMPLE

Calculate the total normal force and pitching

moment coefficients at a Mach number of 0.6, Peynolds number

based on body diameter of 4 x 105 and angle of 120 degrees

for a finned slender body having a sharp tangent ogive nose

and a cylindrical afterbody with the following dimensions:

Moment reference - 1/2

(I /d) - 2.5

(tb/d) - 7.5

d - 1.25 inches
X-L " -5.5635 inches

The four fins are arranged in cruciform plus orientation

with the trailing edge flush with the aft end of the body

and have the following characteristics:

A - 1.0

AR = 1.0

d/b' - 0.5

HL - 0.45

By hand c.ticulation, Equation 5.4 and the formulas from

Appendix I determine:
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Total length t = 12.5 in.

Moment ref location Xm = 6.25 in.

Fin area Sf - 0.7813 in. 2

Base area, Sb = cross
sectional area, S S - 1.2272 in. 2

Nose-body planform area SP - 14.3436 in. 2

Nose-body volume V - 13.5738 in.2

Location of centroid of area R 6.7391 in.

Root chord CR - 1.25 in.

From Figure 28 for an t/d - 10 configuration, n is determined

to be:

n - 0.682

Since M is less than 0.95, n will not be changed by Equation

5.8.

From Figure 29 for M - 0.6 and Red - 4.17 x 105

14 - M sin a - 0.5196

c 5
Rec = Redsin a - 3 . 6 x 10

Cd - 1.17
c

Now from Equation 5.3 we get

½NBA - 7.76

From Figure 30 at a - 120 degrees, we get

- -0.88

akid from Fi'gure 31 at M - 0.6, we get

ZK7% = 7.1

Thus from Equation 5.10 vie get
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Z -()(ZMz)

Z - -6.248

Now from Equation 5.5 we get

Cn ' -11.88

Now from Appendix B we get the regression coefficients for

the interference factors and their effective centers of

pressure.

•CN~oB - 8 "IA + 82X2 + 83 AR + 84 (d/b')

ACNrF = So + SX+82

ACNBOB - 0.5989

Where 0.3771

0

- -0.338 8 -0.0169

a1 - -0.5460 83 - 0.2691

C 2 - 0.5348 4 0

+o X 2 + 83 AR + 84 (d/b')ACNBoF S 1

=CBO 0.2806

Where Bo 0.3099
03 -0.0732

81 =-0. 0338
B4 -0.2691

B2 --0.0567

2
XCPFOB - 0 + OlX + a 2A x + 3 AR + 0 4 (d/b')

XCPFoB - -2.8492
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Where so - -14.1688
13 - 2.6929

-1 11.1996
1 4 - 16.2029

82 - -10.6743 4

XCPBFH - 00 + Ol' + 02 2 + 03 AR + 04 (d/b')

XCPBFH - -0.1821

Where 00 - -0.0282
03 - -0.0294

01 - -0.17603
4 - 0.0297

02 - 0.0367

YCPBOF 0o + Bl' + S2X) + 03 AR + 04 (d/b')

YCPBOF " 0.0334

Where o - 1.5444

01 - 0.1914 03 - -0.2753

02 - -0.1326 04 -2.5889

From Appendix C we get the regression coefficients to cal-

culate the fin alone contributionu to the normal force and

pitching moment coefficients.

CNFA - So + 01X + 0 2A 2 + 03 AR

CNFA = 1.025

Where 0o - 0.8S45 02 - -0.0228

01 = 0.1095 83 = 0.0438
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2CPXHLA 0 o + 8183 AR

CPXHLA - -0.1006

Where 80 - -0.1529 82 - 0.0150

1 - 0.0141 83 - 0.0232

CPYRCX 8 8i + 2A
2 + 3 AR

CPYRCA - 0.4705

Where 8o M 0.3528 92 - -0.1252

8] - 0.2502 83 - -0.0073

The calculated parameters alonq with the dimensional character-

istics of the configuration are now substituted into the

following equations for normal force, pitching moment, fin

normal force in the presence of the body and the fin X and Y

centers of pressure in the presence of the body.

CN CNBA + 2 (CNFA) + ACNo f + 2 (NCNBoF)

CN N 9.80

XCPFA = XHL + CPXHLA -i

CPFA •-5.6631

XCPBOF XHL + XCPBFH "a)

XCPBOF = -5.7456
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C -C 2 (CM.,(X'., T
m UiL T XAPZA) Sf (CN0)(X,

If~
2 2 (ACN9r) (XCPF Sold

C -O.1.56

CNFB - CNA AN~

CNF -1.30

(C (cFA) (CPYA + (C91

CPXHLB CNn

CPXHLB -C.118

(CIWPA) ( CPYRCAJ (CN9wr) (Y'"er I

CPyRB * 0.376

CMB (CIP) (CPYC)

CmRB- 0.4915

CI 9 - 0.154
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APPENDIX G

COEFFICIENT PREDICTION PROGRAM

The high angle of attack aerodynamic coefficient

prediction program is written in FORTRAN IV for the IBM 370

Computer. It consists of a MAIN program arid 14 subroutines

as shown in Figure (G-l). The MAIN program consists of read

statements for the title, body geometry, and flight conditions

such ac Mach number and either altitude or Reynolds number

based on body diameter. The title is read using a 20A4 format

and the geometry for each component nose, body and boattail

is re% using an I10 format for the indicator of nose, body

or boattail type and the lengths and noment reference loca-

tion are read using an FI0.4 format. The flight conditions

are read using a format statement containing an implied DO

loop, where the number of Mach numbers, Reynolds numbers or

altitudes is read using an 110 format and the Mach numbers

are read using an F10.4 format. The Reynolds numbers are

read using an E14.4 format. Either Reynolds number or

altitude is read into the program and a blank card is inserted

for the one not read in. Using the input geometry, cross-

sectional areas are calculated and subroutines OGIVE, NOSE,

BODY and BTAIL are called to calculate the planform areas,

volumes and centroids of the various body components using
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the equations of Appendix I. Subroutine OGIVE determines

the theoretical length of the og• 7,e if only the ogive radius

and body diameter are given. The total body planform area,

volume and centroid are then calculated in MAIN.

With all of the areas, volumes and lengths deter-

mined, subroutine COEFF is called to begin the computation of

the aerodynamic coefficients. For a given body, calculations

for any number of fins can be made. The number of fins is

read, using an I10 format. At this point, the fin title, fin

ratios, and fin orient 4 :ion are read into the program. The

title is read using a 20A4 format and the taper ratio, aspect

ratio, and span ratio are read in using an F10.4 format. The

ratio of the hinge line location measured from the leading

edge of the rnot chord to the root chord length and the

hinge line location measured in calibers from the moment

reference point are read using an F10.4 format. The hinge

line location is a negative number if it is located aft of

the moment reference point. The fin orientation measured

from the vertical is read in degrees using an F10.4 format.

If a body alone calculation is desired, then the number of

fins is input as zero and only a fin title card is required.

A form is provided, Figure (G-2), for preparing the program

inputs. Spaces are provi&ed for five different fin con-

figurations, but any rý_mber can be input. With the fin

characteristics, subroutine FINDIM is called to calculate
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the dimensions and areas of the fins,

Subroutine PAGER is now called to print a title

page showing all the dimensions of the body and first fin to

be calculated. Subroutine CO is now called to determine the

crossflow drag and the finite length body correction, n. At

this point, if altitude has been input rather than Reynolds

number, then subroutine RENOLD is called to determine the

Reynolds number based on body diameter using the Mach number,

altitude and curve fits of atmospheric data from Reference

(55).

With all of the body dimensions the crossflow drag

and the n evaluated, subroutine NORM is called to determine

the body alone normal force and pitching moment coefficients

and the body alone center of presuure. The empirical correc-

tion to the body alone pitching moment coefficient is deter-

mined by calling subroutine CSPS to evaluate the CheDyshev

polynomial for the correction. Subroutine CSPS is a standard

IBM subroutine from Reference (54).

Now to evaluate the interference factors, their

effective centers of pressure, and the fin alone character-

istics, subroutine BAKER is called. This subroutine reads

the regression coefficients from a magnetic tape and sets up

a direct access file for subsequent calculations. it is this

subroutine that contributes the most to the amount of core re-

quired to run th4 .s program. Since all of the calculations in
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this program Aire initially done at Mach niumbers of 0.6, 0.8,

0.9, 1.0, 1.15, 1.3, 1.5, 2.0, 2.5, and 3.0 for even angles

of attack from 0 to 180 degrees, arrays of interference fac-

tors and f in alone coefficients are determined as a function

of the specific Mach numbers and angles of attack using the

regression coefficients and the taper, aspect, and span ratio

for the fin configuration being calculated. With the arrays

of interfer-ence factors and fin alone coefficients, subroutine

DOIT is called to determine the total normal force and pitch-

ing moment coefficients, the center of pressure for the

complete configuration and the installed fin normal force,

root bending and hinge moment, coefficients as well as the

X and Y centers of pressure of the normal force on the fin.

Subroutine PAGER is now called again to print the

calculated coefficients. Up to this point, ali of the

calculations have been made at internally determined Mach

numbers. Therefore, before the results can be prin~ted,

linearly interpolated values of the coefficients are deter-

mined using subroutine LINE at the user specified Mach num-

bers. If input Mach number is below M = 0.6 or above M = 3.0,

a note is printed and the coefficients are extrapolated to

the requested Mach number. Coefficients are printed at even

angles of attack from 0 to 180 degrees. After the coeffici-

ents for all of the fin configurations for the first body are4

determined, control is returned to COEFF to start the
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computation process for the next Reynolds number or altitude

or if the altitude or Reynolds number loops are complete, con-

trol is returned to MAIN to read in the next body configura-4

tion.

A listing of the Fortran portion of the program

follows.

31
.
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INPUT FORMAT FOR
AEDC HIGH ALPHA COEFFICIENT PIkEDICTION

PROGRMM

M~Y TITLE

ICND LMAC N VIAR It NEDD MPNMI

ALTW ILO ILT I IITD(III

l RAT!I IO.!I RAIO.M RAI II II DM H I . HTMP

IST OT Pol
MR =110 -I XHL~

HIII 1.11_________"___"_111111111

SEOD AH L CR XMIIIl H

PH

'HIM ILIt ItI 11.11111111 W .1t 11111ttl I I l
Figure~~FI TITPoraLnuEfr o tecefiin reito

program.11111111111

1. 11 11 11J ll11 11 11 1 11 1 1 11 11 1 11 11]4 41 1
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APPENDIX H

MACHINE CALCULATION EXAMPLE

The finned slender body configuration used in the

machine calculation example to follow is the same one used

in the hand calculation example. Included in the example

is the program input form filled out for the example config-

uration, Figure (H-1), the punched input cards for the

example configuration, Figure (H-2), the title page print-~

out, Figure (H-3), and the calculated coefficient printout,

ieigure (H-4).
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INW~u FOIMAT FOR
AEDC HIGH ALPH4A COEFFICIENT PREDICTION

RPRO

TIN A ANTI RNTO~ ItLPH

A DII' IT

31 11rl m il_ _11_A_ _II_ _ _ _ _ _ _ _ _ _ _ _ __11 1 11 11 11M 1

F11 1! 11 11 11Tf1 11 !11 1 11'

Iff LIT ORFHT h 11' tH }F'B 4Ii
Figure H- wi. ProgramW inUt11 1or for ItheIIT 1 cofIci pred I Ic-

tionproram illd ou fo theexaple1ase
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APPENDIX I

EQUATIONS

The following equations are used to calculate the

plan area, volume and centroid of the nose, body and boat-

tail components which make up a total body alone configura-

tion.

Plan Area of Nose

Sharp Cone (Figure 1-1)

AN :' NT (d/2)

Spnerically Blunted Cone (?igure I-I)

N =NT (d/2)- i - tan-1 (

Sharp Ogive (Figure 1-2)

4/2 " sin-i NT2 + (d/2) 2 J

- 3- £ d 2 NT' NTT(d+2) W/

Spherically P .mnte(d Ogive (Figure 1-2)

1. Determine plar area, ANs, for sharp ogiv.
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2. Determine parameters, R, Ri, R2 , L2 , L3 ,

0 and e

R = NT2 + (d/2)
4]

L
R1 = R-RN

R= R - (d/2)

R 2 R1W/2)L2=[R2 2] S1I/2

2 1 2j

L3= £NT - To2

P1  (1/2) (L3 + R + R1 )

[('- L3)P -, R)(PI -RI)] 1/2
P [r "3 - "1

2 tan"1

e- ~~ [P A

3. Now detcrmine area to be ramoved from sharp

ogive, shaded area (Figure I-1).
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!a
•:iAR--21 Rtan- - L32r T sin ,k]

[2 (R) (R)
RP L

A 1 2
SA= RN (29)

4. The plan area of the spherically blunted

ogive is thus

AN = ANs -As + ASA

Plan Area of Bod

Cylinder

AB B(d)

Plan Area of Boattail

Truncated Cone

, (d+dT)

The plan area of the total slender body is thus:

S = AN AB + ABT

Volume of Nose

Sharp Cone (Figure I-1)

(d/2) 2 ( (NT)
N = 3

Spherically Blunted Cone (Figure I-1)

1. Determine the parameters L2 , L3 , LL 1 , LL 2

(see Figure 1-2)
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2 NT 3

L 3 =[(RN)2 
+ ('NT)2 (RN)2 ]/2

(d/2)'

LL 1 = L2+ RN(d/2) 217

P[(/2) 2 + YNT 2 ]I/ 2

LL 2 = L2 + RN

2. Determine volume from:

n~ )2 2 (LLILL2+ L 1) 3

VN = Z1Nd/21 2 NT

2 2
£NT

-r 2 -(LL 1 ) 2 (L2)

* (LL (L 2) 2]_ (LL 2 ) 2  )(L2

* (L2 ) 2 (LL2)]

Sharp Ogive (Figure 1-2)

1. Determine the parameters R, R2

R[NT)2+ (d/2) 2 1
R = [- -2(d/2)

R= R - (d/2)
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2. Determine volume by:

sR2 R2 1i NTlkA/
VN ZT 7 1. sin- r- 3

N ~ tN TNTje ~TIr~

Spherically Blunted Ocive (Figure 1-2)

1. Determine the parameters R, R2 , Rj, L2 , LLI,

LL 2 p %' Y1,' RLL' RNO' RU

R NT] /2)

2( - d/2)

R,= R -RN

LI L 2 (I + R/R 1)

LI.2  L2 T RN

RR 2 LL 2
0 r L-1

Ro , LL =- 1r• ,
R tq L2

R NO =LLI RL 2 =LL,

2. Determine volume by:
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! I
1 i W10N= Ro f.0 - 1/sin-

2 (R - 1.0)+ Y- )1/2
11

A (RLL)
RLO 2) (RLL 1 10) 3

+RL2 RýL 1.0)]

Volume of Body

Cylinder

2
VB = rT(d/2) (YB)

Volume of Boattall

Truncated Cone

VET • [ (d/2) 2 + (dT/2)2J (kET)

The volume of the body is thus:

V = VN + VB + VBT

Centrold of Nose

Sharp Cone (Figure I-1l

XN = (2/3,') (XNr)

;pher,.callXBlunted Cone (Figure 1-1)

I. Determine parameter RLN
£NT

RLN U-T
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2. Using parameters determined for volume of

blunt cone, calculate:

3

LL rf
[N 2 [40N - (1.0 )1 ALJ

- o2 IR

&)/2 1/2

- - f3- .0-L2)

2 (1.0 o-- RLo )

+ 3R 0 sin- 1  (RLL RL2)

3. =- L 2 - (3N1 + 3'N2 )

Sharp Ogive (Figure 1-2)

1. Using parameters determined for volume of

sharp ogive, calculate:

-3 2 3
= LL 2 - (2R - 3 R2 R + R 2 )/(3AN)
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Spheric&lly Blunted Ogive (Figure I-2)

1. Using parameters determined for volume of

blunt ogive, calculate:

N1 LL3 R 3 - 2 3/2
XN1 R; 2(R; 1.0)3/2

KN2 - (same as for blunt cone)

2. - LL 2 - + Nl 2

Centroid of Body

Cylinder
LB

Centroid of Boattail

Truncated Cone

XBT4---- T +I

Centroid of Complete Body

+ (LL +LL

SP
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I T

_2_L2
LLI

• _...• L 2!..

SLZNT 1_- -

Figure I-1. Blunt cone dimensions.
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i]

" ~L2
d /

LL2

R2

Figure 1-2. Blunt ogive dimensions.
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NOMENCLATURE

A Fin forward wedge length, in.
2

AB Plan area of body, in.

2
AN Pla- area of nose, in.

ANs Plan area of sharp ogive, in. 2

AR Exposed aspect ratio - b 2 /(2 Sf)

AR Area involved in plan area calculation

ASA Area involved in plan area calculation

B Fin aft wedge length, in.

b/2 Exposed fin semispan, in.

b' Total span of fins plus body, in.

C Crossflow drag coefficient
do

CL Lift coefficient

C Rolling moment coefficient

Cm Pitching moment coefficient

CmA Body alone pitching moment coefficient

C Hinge-moment coefficient
CmRH Root bending-moment coefficient

CN Normal force coefficient . I
CNBA Body alone normal force coefficient

CNF Installed fin normal force coefficient

CNFA Fin alone normal force coefficient
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CNF? Fin io presence of body normal force coefficient

Cn Y-wing momer., coefficient

Root clord, in,

C• Tip chord, in.

0 PXHLA Fin alone cent-t.r of pressure maasured in X

direction from hinge line, I/CR

"CPXHLB Fin in presence of body center of pressure

measured in X direction from hinge line, 1/CR

CPYRCA F.I.n alone center of pressure measured in Y

direction from root chord, 1/(b/2)
CPYRcB Fin in presence of body center of pressure

measured in Y direction from root chord,

1/ (b/2)

d Body diameter, reference length, in.

dT Base diameter, in.

f Body norma, force, lbs

HL 11inge line posiftion from leading edge of root

chord, I/C R

K1 Apparent mass factor

K2  Apparent mass factor

L2 Distance from base of nose to origin of RN, in.

L3 Distance from crigin of RN to theoretical nose, in.

LIT1  Distance from base of nose to perpendicular from

tangent of nose blunting to centerline, in.

LL2 Actual nose length, in.
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Total configuration length, in.

Body length, in.

PN Nose actual length, in.

PNT Nose theoretical length, in.

M Mach number

m Body pitching moment, in.-lbs

M Crossflow Mach number

P1  Calculated factor associated with nose planform

area

P 2  Calculated factor associated with nose planform

area

Pt Tctal pressure, psfa

R Ogive radius, in.

Rec Crossflow Reynolds number

Red Reynolds number based on body diameter

Re/ft Unit Reynolds number

RLL Ratio of R to LL 1

RLN Ratio of kNT to LL 1

RL2 Ratio of L2 to LL 1

i RN Nose blunting radius, in.
RNRatio of to LL1

Ratio of R to LL1

R1  Distance from origin of R to origin of RN, in.

R2 Distance from origin of R to nose centerline, in.
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S Cross sectional area of body, reference area,
2

in.

Sb Ar-ea of base, in.

Sf Exposed area of one fin, in. 2

2
Sp Total planform area, in.
TR Thickness of fin at root, in.

TT Thickness of fin at tip, in.

U Free stream velocity

V Total volume, in. 3

3VB Volume of body, ir.

_VBT Volume of boattail, in. 3

3
VN Volume of nose, in.

X Centroid of total plan area, measured from actual

nose, in.

XB Centroid of plan area of body, in.

XBT Centroid of plan area of boattail, in.

XN Centroid of plan area of nose, in.

Xi Centroid of truncated nose, in.

2  Centroid of nose blunting, in.

XCP Distance from nose to center of pressure, calibers

XCPBA Distance from nose to body alone center of

pressure, calibers

XCPBOF Distance from moment reference to (ffective center

nf pressure of body on fin interference, calibers
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XCPBFH Distance from hinge line to effective center of

pressure of body on fin interfexence, 1/CR

XCPFA Distance from moment reference to fin alone

center of pressure, calibers

XCP*-in Distance from leading edge of root chord to

center of pressure of installed fin, I/CR

XCPFoB Distance from moment reference to effective

center of pressure of fin on body interfsrence,

calibers

XHL Distance from moment reference to hinge line,

negative aft of moment reference, calibers

Xm Distance from actual nose to moment reference, in.

YCPBOF Distance from root chord to effective center of

pressure of body on fin interference, 1/(b/2)

YCPFin Distance from root chord to center of pressure

of installed fin, 1/(b/2)

Y 1 Ratio of R2 to LLI

Empirical correction to body alcne pitching

moment coefficient

ZMx Maximum value of empirical pitching moment

correction

Q Angle of attack

a Ai Prebend angle

8 Angle associated with nose plan area calculation

80 Regression coefficient (intercept)
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Regression uoefficielit •.)

Ragreseion coefficient (X2)

3 •eqrosaion coefticient (AR)

04 Regression coefficient (d/b')

8CNBoF t•¢.a•..nta1 normal force 's" to body on fin

interference

ACNPOB knrvxrtal xi'.• force d.je to fin on body

interference

Normalizid body alone pitohing moiennt correction

11 Ratio of crossfice drag of a circular cylinder of

finite )ength to one of infinite Jength

0 Angle associatea uiitrn calculation of nose plan

are^, r'adianb

A Leading Rdge sweep angle of firn, deg

STaper ratio cr fin (CT/,'CR

P Air density

0 Standard deviation

0 Roll ang.•e, deg

Angle associated with nose plan area calculation,

radians
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